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Abstract
The Shearwater unmanned aerial vehicle is a maritime fixed-wing drone that is
designed to use ground effect force generated between the aircraft and a body of water
to efficiently propel itself near the surface of a body of water. Shearwater features a
virtual reality pilot interface and will act as a hybrid underwater vehicle that will
eventually be able to operate both above and beneath the ocean’s surface. The
Shearwater team developed existing design work to produce major subsystems that
culminated in a flyable functioning prototype. An existing airframe was updated with
working control surfaces tested in simulation and in practice, an electrical control
system, and a working virtual reality (VR) pilot view. The Shearwater team tested a
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Earth is mostly covered with water and a huge amount of global scientific,
natural, and economic resources come from the ocean. Despite this, mankind has
explored less of the earth’s aquatic environments than its upper atmosphere, and
discoveries are constantly being made regarding Earth’s seas [1]. The world's oceans
represent over 70% of the surface of the planet yet more is understood about the
surface of the moon than much of these environments [2]. As mankind continues to
explore the ocean, novel and strange environments filled with new forms of life,
resources, and mysterious phenomena not thought possible will be discovered. Pope
Francis in 2015 issued a landmark teaching document entitled Laudato si’ about the
duty of mankind to address and act against climate change and its effects on the
modern world [3]. Marine research is a key factor in both understanding the full extent of
climate change's effects on the world and discovering ways to combat it along with new
discoveries that can help the world's population such as new drugs, technologies and so
much more. However, a key barrier to conducting this research is the inefficiency of the
technology and methodology used for maritime sample gathering and exploration.
New technologies in automation have allowed unmanned aerial vehicles to break
into the commercial sector and improve exploration and data gathering capability in
every environment. Augmented reality controls place UAV operators in a virtual space
where information from a vehicle is blended with instant fluid controls. Combining these
technologies with the growing need for oceanic exploration is a vital step in improving
mankind’s ability to both maintain ocean environments and utilize Earth’s oceans for the
greater good.
Data provided by new technologies such as UAVs are crucial in combating
changes to aquatic environments. Changing climates and varying natural biodiversity in
maritime environments have made it even more crucial than ever before to gather
up-to-date and accurate data in oceanic environments. Annual surveys and occasional
checkups on key environmental indicators, such as coral reefs, paint a good picture of
the current state of climate change and other trends below the surface. However, more
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innovative means of gathering data could offer a picture of Earth’s oceans that is both
more accurate and more up-to-date than anything accessible today.
As trends related to climate change and quantities of oceanic resources change
at increasingly rapid rates, the ability to collect real-time and accurate data about the
planet’s oceans becomes more and more important.
This growing need for oceanic data collection has led to the creation and
expansion of various robotics technologies. One class of vehicle that has been used by
researchers is HOVs or Human Occupied Vehicles. This class is the most
straightforward in its inspiration and has roots in the first types of vehicles used in ocean
exploration. These vehicles allow small teams of researchers to personally visit
observation sites and interact with them using robotic arms or other instruments. This
direct interaction is one of the biggest advantages of this kind of vehicle; however, it
also leads to one of its biggest disadvantages. Researchers inside such an HOV must
now be protected from the high pressures of the deep ocean while still allowing them
room to work. This increases engineering complexity because an HOV must maintain a
safe internal pressure and breathable atmosphere. HOV missions are also inherently
risky, in that a catastrophic failure could lead to death.
Figure 1: The DTG2 ROV conducting inspection of infrastructure (used with permission) [4]
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Another type of exploration vehicle that has been utilized is ROVs or Remotely
Operated Vehicles. These highly maneuverable aquatic robots are controlled by an
operator above the water. In order to better see the ROVs surroundings, operators will
often utilize a camera attached to the ROV, as seen in Figure 1, which sends video
feedback to the surface. This camera can often be aided by powerful lights and other
sensors.
Figure 2: The MARUM-SEAL AUV at the surface (used with permission) [5]
AUVs (Autonomous Underwater Vehicles), such as the one shown in Figure 2,
are similar to ROVs, except that instead of being controlled by a human operator, they
are capable of operating on their own. Since radio signals don’t travel well underwater,
ROVs usually must be physically tethered to a ship on the surface, limiting their range.
Because AUVs work without an operator, they can travel much farther. However, it is
often beneficial to have a human operator who can choose to investigate something
interesting, take video or pictures of something from different angles, or make other
decisions during the vehicle’s operation. If an AUV’s camera spots something worth
investigating, its operators will have to send it back on another mission.
Another classification of drones, called HROVs or Hybrid Remotely Operated
Vehicles, combines the advantages of both AUVs and ROVs. HROVs are capable of
acting entirely autonomously below the ocean’s surface as well as being able to be
hooked up to an above surface control station using a fiber optic cable. This setup
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allows HROVs to combine both the independence afforded fully autonomous drones
and the precise control afforded by human-operated drones. One notable HROV is the
Woods Hole Oceanographic Institute’s Nereid Under Ice. It is currently being used to
explore the parts of the Arctic ocean that are covered by ice in order to better
understand these unique ecosystems. This vehicle is powered by onboard batteries but
has a tether to transmit video and sensor data and receive commands. This lightweight
tether makes it possible for the Nereid to travel up to 25 miles from its operator, which
would be impossible with the heavy tethers used to transmit power to traditional ROVs,
while still letting humans control the vehicle [6].
Figure 3: The DeltaQuad VTOL UAV conducting surveillance (used with permission) [7]
Aquatic vehicles are not the only devices used in exploration. UAV is an acronym
for Unmanned Aerial Vehicle. As the name implies a UAV is a vehicle that does not
have a pilot on board. This means that it is either remotely flown by a pilot on the
ground or flies a preprogrammed flight plan. UAV technology has been in development
for a long time with the first recorded instance of a UAV being used was in 1849 [8].
This first UAV was a flying balloon, but after the invention of the airplane UAV
technology would develop with a focus on emulating airplane technology. The original
focus for this emulation was to provide practice targets for various militaries. The first
example of a powered UAV was in 1916 from A. M. Low called the “Aerial Target” [8]. In
1935, Reginald Denny developed the first scaled UAV and after this success, more
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UAVs were developed during World War Two, with a prominent example being Nazi
Germany’s V-1 flying bomb [8]. UAV development would continue after the war but for a
significant period, it would advance little beyond remote-controlled airplanes. This would
begin to change in the ’50s, ’60s, and ‘70s when both the U.S. military and the Israeli
military began to deploy UAVs for reconnaissance purposes. Doing this allowed both
militaries to gather information about locations that would be too dangerous for crewed
aircraft. The first UAV with real-time surveillance, similar to the model in Figure 3, was
developed by the Israeli military during the 1973 Yom Kippur War [9]. This success
opened the door for UAVs to be given a larger role in the air forces of several nations.
The miniaturization of computers allowed drones to become more versatile and
as a result, the use of UAVs has skyrocketed. By 2028, it is reported that the USAF will
employ 43,001 UAVs [10]. This boom in UAV technology has also enabled the growth of
a civilian market for UAVs. In 2018 there were over one million UAVs registered with the
FAA; the vast majority of these, roughly 878,000, are owned by hobbyists [11]. UAVs
have seen a growing role in both the transportation and agricultural industries. As the
technology continues to improve, and UAVs become more popular there are numerous
other industries and fields that could benefit from UAVs.
UAVs face many practical and technical limitations and challenges, especially
within the scope of sea-based flying. Many UAV and ROV operations and missions are
conducted from the decks of research vessels such as the vehicles operated by MBARI
which are used for a multitude of oceanographic and hydrographic purposes. However,
the cost of operating these vessels is very high, and the MBARI website gives an
estimate for a 10-12 hour day of use of one of these vessels to cost $21,060, or about
$2000/hour [12]. Much of these rising operational costs are due to crew, fuel and lube
oil, maintenance, shore support staff, and the cost of insuring these vessels.
In addition, take-off and landing from a moving or even stationary water vehicle is
a challenge itself for fixed-wing UAVs. Not only is runway space limited but the
movements of the vessel in the water can be unpredictable so the landing surface or
runway is constantly shifting. This makes takeoffs and landings more daunting tasks as
there is a higher risk of a wing clipping the surface of the runway as it lurches upwards
resulting in damage to the UAV.
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Another issue UAV and ROV operators face is the difficulty of controlling such
RC craft at range due to increased latency. At farther distances from the operator, the
pilot may see higher latency or “lag” between them changing the input to the controller
and the UAV or ROV responding. At high speeds or near the ground or water, this can
make it hard to react quickly to a change, such as a sudden swell under the flier, thus
increasing the risk associated with flying the UAV at a distance.
1.2 Previous work
Prior work has been conducted on several subsystems of the finalized aircraft
shown in figure 4, primarily on the marine aspects of the vehicle as shown in figure 5.
The final design will incorporate the previous subsections including the variable
buoyancy system described below.
Figure 4: Shearwater airframe CAD rendering
The Shearwater project will eventually incorporate a variable buoyancy system
providing 3 degrees of freedom that was designed by the Santa Clara University
Robotic Systems Lab, seen in Figure 5 below.
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Figure 5: SCU RSL variable buoyancy system prototype (used with permission) [13]
The variable buoyancy system is compact and functional in practical conditions.
It can be integrated into or on the outside of a future finalized airframe for aquatic
landing and recovery operations [13].
Figure 6: NPS prototype flow testing (used with permission) [14]
Researchers at MBARI alongside the Naval Postgraduate School created and
performed flow testing on a scale model of the Shearwater airframe, shown in Figure 6
above. Developments on this prototype as well as further practical and simulated testing
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allowed for the development of the current airframe. Major changes to this prototype
were made, however, it still served as the general basis for the current chassis [14].
1.3 Literature Review
One of the most prominent ground effect vehicles is the Airfish 8. Developed by
Wigetworks, a Singapore-based company, the Airfish 8 is substantially larger than the
drone that the Shearwater team is planning to build. The overall length of it is 17.2
meters and it has a wingspan of 15 meters. The max speed of the Airfish 8 is 106 knots
with a cruising speed of 80 knots. It is crewed by two pilots and also has the ability to
have 6 to 8 passengers. It also has a payload capacity of 1060 kg [15].
One of the issues that previous iterations of the Airfish experienced was that
during flight it was difficult for the pilot to determine if they were at the right altitude to
take advantage of the ground effect. In the case of the Airfish, this would be a serious
problem because due to its small size the vehicle has to be flown very close to the
surface which in turn increases the chance of collision with the water. To help prevent
this issue in the Airfish II—an earlier iteration of the Airfish 8—a pressure sensor was
added on the surface of each wing. The purpose of the pressure sensor is to detect the
air pressure generated under the wings allowing the pilot to be alerted if they are flying
too close to the surface to be fully exploiting the ground effect [16]. While this system is
too advanced to be included in the current UAV being developed, it could be useful for
later iterations of Project Shearwater.
The Sea Wolf GEV is a joint Estonian-Russian ground effect vehicle that
incorporates transitionary propulsion in its design. This allows the vehicle to seamlessly
transition from ground effect flight to traditional sea propulsion via a propeller in rough
seas. The vehicle’s performance is superior in its ground effect mode, saving on fuel
and moving at higher speeds, however transitioning to traditional propulsion allows for
more stability in poor weather conditions or environments with large waves [17].
Augmented reality drone control is an emerging technology that allows an
operator to remotely observe what a drone “sees” from a distant location. The operator
wears a headset displaying information from and about the drone that gives them live
feedback on the drone’s operation and environment [18]. This type of control scheme
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has been shown to enhance drone controllability and allows an operator to process
information from the drone in real-time.
Underwater gliders have seen an increasing role in monitoring the effect of
climate change on the world's oceans. In 2009 the underwater glider Scarlet Knight
crossed the Atlantic Ocean [19]. This voyage took several months and during that time
a Rutgers engineering team used the glider to monitor how climate change has affected
the Atlantic Ocean.
Research has shown that smaller aircraft, such as unmanned UAVs, benefit from
ground effect based propulsion systems more than larger airframes. It has also been
shown that implementing hybrid propulsion systems, such as a supplementary rotor or
propeller propulsion system, is easier to implement without aerodynamic consequences
on a smaller aircraft [20]. This is especially true in semi-inclement maritime weather
conditions. On larger craft, the aerodynamic consequences of having multiple protruding
propulsion systems compromise the ability of the vehicle to benefit from the ground
effect.
The CHAIKA-2 A-050 is a type-C ekranoplan prototype in development by
Alexeev’s Hydrofoil Design Bureau in Nizhny Novgorod, Russia. It is designed for
conducting rescue and emergency operations in coastal areas of large bodies of water.
It has a length of 34.8 meters. It’s crewed by four people with the capability to have 100
passengers. It has a cruising speed of 400 km/h near the surface and 450 km/h in a
more traditional flight [21].
A common issue of previous generations of ground effect vehicles was their lack
of operational mode options. A team of designers sought to solve this issue by
designing a new vehicle with the stated operational objective of increasing the number
of operational modes. The result was a ground effect vehicle that had a greater pitch
range than previous designs as well as increased maneuverability in both flight and
swimming modes [22]. This design shares many design features that appear in the
Airfish 8 which was being developed simultaneously. If later iterations of the Shearwater
project do not meet the desired maneuverability goals, these two designs could contain
insight into methods to address that.
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Several designs exist that combine ground effect with a traditional propeller and
that use feedback from ground effect to stabilize the aircraft [23]. This type of design
could be highly useful to the Shearwater project as control system feedback provided by
the ground effect sensor would make movement over rough waters easier. The ground
effect forces and actual drone propeller controls essentially “talk” to each other which
increases stability and battery efficiency.
Improved aerodynamic and flight control testing could be done using a compact
wind tunnel test unit that includes an adjustable mount for better testing and avoidance
of turbulence [24]. A redesign of the existing Shearwater test tunnel in this fashion
allowed for larger testing samples to be used. It also provided greater stability allowing
full-size 1:1 scale replicas of Shearwater airframe components to be effectively tested
with integrated data gathering tools.
1.4 Project Objectives
The objective of this project is to develop and prototype a functioning UAV that
can fly utilizing ground-effect. It has a wingspan of four feet and has standard flight
sensors such as a gyroscope, a GPS unit, and airspeed sensors. The prototype does
not submerge or operate underwater; however, in future generations, it will be used
along with a variable buoyancy system to land on the ocean's surface and then
submerge to conduct exploratory missions in the depths of the pacific ocean.
Figure 7: Ground effect diagram
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The design consists of three main parts: mechanical, electronic, and computing.
On the mechanical side, the ground-effect-assisted flight allows the craft to traverse
vast distances very efficiently while carrying large loads, allowing a ground-based
aircraft to be able to reach destinations out at sea that normally required a specialized
research vessel equipped with an ROV to explore. The ground effect, as simplified in
Figure 7 above, also allows for the carrying of large payloads as the craft gets
significantly more lift than while operating under a standard flight mode.
The airframe was constructed so that it is maneuverable using ailerons and
elevators. The ailerons are able to split, creating drag that effectively acts as the rudder.
All of the flight control systems are housed internally in the main body of the aircraft
allowing for real-time control using a radio transmitter. The prototype’s internal systems
are designed to be able to withstand all expected forces expected on takeoff landing
and in air turbulence, while allowing for sufficient room for the onboard avionics, and
storage space for flight sensors.
The internal storage bay allows for all instrumentation to be swapped out based
on the mission goals and requirements to allow the craft to take the necessary readings
on its surroundings, many of which will be used in conjunction with a 360° camera and a
VR headset to provide the remote pilot a view from the drone enhanced by augmented
reality (AR) and a heads-up display (HUD).
This remote viewing system uses Unity for graphics and Mission Planner to
interface with the drone. This system makes piloting drones much easier and allows
pilots to operate with improved situational awareness. Pilots will have a 360° view of the
drone’s surroundings, with flight information superimposed in a virtual HUD. The AR




This chapter covers the identification and development of the functional
requirements for the Shearwater airframe, along with the development of the design
process of the mechanical, electrical, and software systems necessary for the craft to
function and meet the requirements. This chapter also covers the managerial aspects of
the project.
2.1 Customer Needs and Requirements
Customer needs are the stated demands for a product presented by its buyers.
Understanding what a consumer wants is essential in proper product design and the
Shearwater team made an effort to understand the views of subject matter experts with
regards to the UAV design.
To determine the customer needs for the project, Professor Christopher Kitts, Bill
Kirkwood, Michael Neuman, Thomas Adamek, and Geoff Wheat were interviewed. All of
these individuals are familiar with the Shearwater project and have worked with
previous Shearwater Senior Design teams. The interviewees are active marine
researchers and have great expertise in the fields of marine and aerial robotics. They
were asked the following questions:
● What is the desired flight time and altitude of Shearwater?
● What information would be useful for a pilot to see on a HUD?
● What possible objective markers might it be useful to simulate with AR?
● What is the desired range of Shearwater?
● What functions should the UAV be able to carry out when flying? Or is it really
just expected to get from point A to point B and then dive?
● What types of weather should the UAV be able to operate in?
● What types of equipment does the UAV have to carry?
● What is the minimum payload mass and volume of the UAV?
● Should the payload be contained internally, externally, or a mix of both?
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Table 1: Customer needs evaluation and prioritization table
Category Need Description Priority
Flight parameters Steady flight within half wingspan distance of
ground
1
10-15 min flight time 2
Calm weather flight 3
Control system parameters Waypoint display on AR display 1
Obstacle avoidance 2
Obstacle identification 2
Environmental condition notifications 3
Pilot interface Hud elements including roll, pitch, yaw, bearing,
altitude, and speed
1
Displays non-physical barriers like faa flight zones 2
Landing sequence assistance 3
Fuel or flight time indicator 2
Terrain/altitude warning system 2
Payload parameters 10% of aircraft weight can be carried as payload 1
Internal space for scientific equipment 1
Spaces for probes to extend outside the skin of
the aircraft
2
Modular mounting hardware for internal
equipment
3
Structural parameters Easy change batteries 1
Utilize light materials 2
Maritime grade coatings and materials to prevent
corrosion
2
Strong internal structure to protect scientific
equipment and allow for longevity of the craft
1
Allow for partial disassembly for easy storage 3
These questions were asked regarding both the design team’s prototype and the
final Shearwater project. From these questions, the customer needs are ranked, as
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seen in Table 1 above. The needs are ranked from 1 to 3 in descending importance to
the project, with 1 being a mandatory requirement and 3 being a secondary goal that is
not strictly required to complete the project. The resulting data pointed out necessary
functionality for the prototype airframe that became system requirements that were
addressed in the design process.
Customer-provided data and design priorities show that the existing design will
need to be modified for better transportability and storage capabilities. Shearwater must
ultimately be both fully functional and rapidly deployable in a maritime environment
without wasting valuable resources.
2.2 Benchmarking
Benchmarking is a process in which competing products are analyzed to
determine what features should be incorporated into a new design. Shearwater has
benefited from analyzing existing ground effect vehicles that use similar technology.
2.2.1 Market Research
Figure 8: Image of the Electric Bobcat Pusher Jet (used without permission) [25]
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Figure 9: Image of the Airfish 8 (used without permission) [26]
Figure 10: Render of the CHAIKA-2 A-050 (used with permission) [27]
Figure 11: Image of the 19XRW-Hoverwing (used with permission) [28]
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For market research, the design team focused on four different vehicles that
would be similar to the one that the team is tasked with building.

























ft 60 22.95 Not Available 20
Ground Effect
Flight Height
ft N/A 22.95 41.59 10
Wingspan ft 3.75 49.21 83.17 20
Flight Duration min 7 228.9 Not Available 240
Roll Time sec 1.5 Not Available Not Available Not Available
Top Flight
Speed
ft/sec 44 178.9 279.6 114.4
Climb Rate ft/sec 16 Not Available Not Available Not Available
Range mi 0.038 345.23 1864.11 140
Runway
Length
ft 50 1640 Not Available Not Available
Hard Banking
Rate
deg/sec 36 Not Available Not Available Not Available
Length ft 4.25 56.43 114 19
Weight oz 54 Not Available 1.728e+6 18560
The first was the Electric Bobcat Pusher Jet, in Figure 8 above, a radio-controlled
RC plane. The second, was the Airfish 8, in Figure 9 above, a ground effect aircraft
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being developed by WigetWorks. The third, was the CHAIKA-2 A-050, in Figure 10
above, another ground effect aircraft being developed. The fourth comparison was the
19XRW-Hoverwing, in Figure 11 above, a hovercraft that can take advantage of the
ground effect using its wings. A specification comparison table, Table 2, is included
above.
Due to the developmental nature of some of the comparisons as well as the wide
variances of the vehicles, not all of the information the design team was looking for was
available. Based on the information that the design team was able to collect the
following opportunities for improvement were identified.
2.2.2 Changes to Meet Shearwater Requirements
The following points were noted based on the performance of the reviewed
designs that would need to be altered for the prototype to meet all the functional
requirements.
● Increase effective range for conducting environmental research
● Significantly decrease the scale to reflect that it will be unmanned and require
space only for scientific instruments
● Decrease necessary runway length allowing for takeoffs from variable
environments
● Increase maneuverability until comparable with Electric Bobcat Pusher Jet but
with harder banking
● Decrease weight to increase energy efficiency allowing for longer missions
Shearwater can incorporate some of the general design features of existing




The design of the Shearwater UAV is based on several design specifications, as
tabulated in Appendix III, necessary for its operation and data collection capabilities.
The first set of specifications relate to the design of the airframe itself and its flight
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capabilities. While in ground effect flight the vehicle must be able to operate for 10-15
minutes in all standard weather environments under typical coastal conditions. This is
the requisite time for the vehicle to be able to gather samples and travel sufficient
distances to be cost-effective and capable of its mission goals. For controllability, the
airframe must be able to mount a rudder, ailerons, and elevators. These are standard
flight surfaces necessary for the vehicle to control its pitch, yaw, and roll. The vehicle
must be able to both take off from and land on a flat runway. While other landing
systems may be considered supplementary the UAV must be at least able to take off
and land reliably on a standard straight runway. Because the operating environment will
primarily be on or over land the UAV must be constructed of materials and coatings that
prevent it from being damaged by long-term environmental exposure and potentially
high moisture environments. Control systems must be water-resistant and metallic
components must be made from corrosion-resistant materials or enhanced with
corrosion-resistant coatings. All materials used in the construction of the airframe must
also be vetted by digital simulation before being tested in flight to ensure an optimal
construction is chosen.
The second set of specifications for the Shearwater UAV relate to the equipment
it must be able to house during flights. This equipment must be sufficiently ruggedized
to withstand the same environmental conditions as the drone’s airframe. The drone
must have an enclosed equipment bay that can be opened both on the ground and in
flight. This bay must not hamper aerodynamics or ground effect at all when closed and
must be able to be opened in flight without interrupting the drone’s ground effect or
causing excessive wear to the airframe. The interior of the storage space should be
modular with interchangeable mounting hardware. This hardware will be used to attach
mission-essential equipment such as environmental sensors or sample gathering gear
up to a specified size and weight limit. Aside from modular equipment, the drone must
be permanently equipped with internal flight controls, a GPS unit, and an airspeed
sensor. This equipment only needs to be ground serviceable and does not require a bay
that is easily opened without tools. Like the rest of the equipment, all flight
control-related hardware must be watertight and corrosion-resistant or protected from
saltwater entirely.
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The final set of specifications relate not to the UAV itself but to the software and
controls suite used to operate the drone. The drone must be reliably operable using
remote controls from as far away as its maximum operating distance. The control
system must use a virtual reality headset that responds to pilot head movement. It must
be responsive in real-time. The VR program’s heads-up display will display different
information on “panels.” “Panels'' can exist both statically in the form of a HUD and
dynamically in the virtual world that will take into account pilot head orientation. Data
regarding flight operations must be shown, including its flight speed, flight direction,
pitch, yaw, and roll. Data about the vehicle’s position in space must be shown, including
longitude, latitude, and altitude. A map must be displayed of the area around the drone.
This map must be marked with mission objectives and be able to be zoomed in and out.
The pilot should be able to see 3D markers indicating the direction to pre-set mission
objectives as objects superimposed on the real space surrounding the vehicle. This
information must be streamed from the aircraft in real-time and displayed accurately.
Finally, both the markers and any dynamic panels must be able to be hidden with the
touch of a button.
2.3.2 Inputs, Outputs, and Constraints
Figure 12: Block diagram showing the main data producers and consumers
As depicted above in Figure 12, the VR pilot interface system is made up of two
non-exclusive categories: data producers and data consumers. The main data
producers are the 360° camera, the markers file, Mission Planner, and the Google Maps
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API. The main data consumers are the AR markers, the HUD elements, the skybox, the
AR map, and the Google Maps API. The 360° camera feeds data into the skybox. The
markers file feeds the AR markers, and the Google Maps API. Mission Planner feeds
the AR markers, the HUD elements, and the Google Maps API. Finally, the Google
Maps API feeds the AR map.
Functional analysis of the Shearwater software suite allows for a clear flow of
how the system reads command data and integrates VR controls with the aircraft itself.
2.4 Concept of Operations
Figure 13: System sketches of various stages of operation of the Shearwater UAV
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The concept of operations lays out how the ideal Shearwater UAV functions as a
system with an operator and control suite.  In Figure 13 above, different stages of
operation of the UAV for marine surveillance and data gathering by the remote pilot in
command are illustrated along with the signals being sent and received. From left to
right, row by row: dry takeoff, in-flight with the POV of the pilot through the HUD, wet
landing, submersion beneath the water where the UAV is no longer directly controlled
by the pilot but running off of a preset mission plan instead, wet takeoff, and dry landing,
are shown. This concept of operations demonstrates the increased efficiency of
operation of the aircraft compared to dedicated research ships, as the time to reach the
destination is far less due to the faster travel speed of ground effect flight compared to
travel by boat. It also demonstrates efficiency of operations as the command center
does not need to be a mobile apparatus.
2.5 System-Level Design
System-level design serves as a broad overview of the components of
Shearwater and how they interact with each other. This section allows for a broad
visualization of Shearwater and its peripherals as a working system.
2.5.1 Mechanical Systems
The Shearwater UAV airframe needs to contain elevators and ailerons. In
addition to these, there must be enough room in the fuselage for the electronic controls
and motor, and room in the nose of the Shearwater UAV to hold the necessary sensors.
Figure 14 below presents a high-level overview of where these systems fit in the
airframe.
2.5.2 Electrical Systems
The aircraft's electrical systems allow for in-flight control of the aircraft and for
data to be transmitted from the onboard flight sensors back to the ground control
station. This allows for real-time viewing of mission-critical sensor information and
necessary flight data to keep the craft airborne. Below Figure 16 shows a more detailed
diagram of the onboard electrical systems.
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2.5.3 Software Systems
As can be seen below in Figure 15, the main flow of the VR program consists of
data flowing from the four main data sources: the 360° camera, Mission Planner, the
Markers File, and the Google Maps API and into the major software objects. The
Skybox Updater makes a POST request to the 360° camera’s API. This request
resolves in an MJPEG stream that allows the Skybox Updater to receive frame data
from the 360° camera. The Skybox Updater then places the received frames on the
skybox texture for the pilot to see. The Flight Data Storage receives telemetry data from
Mission Planner over TCP utilizing the MAVLink protocol. The Flight Data Storage then
stores the data for use by all other system components. The AR Marker Manager is in
charge of the creation of AR Markers. The AR Marker Manager also informs the Map
Updater about the GPS location of the markers. The Map Updater uses this information
when it makes its POST request to the Google Maps API so that the markers can be
placed properly on the Google Map. Finally, the HUD pulls data from the Flight Data
Storage and checks if the pilot is currently looking at any markers. If the pilot is looking
at a marker then it displays the information about that marker.
Shearwater functions jointly with both a hardware and software component, each
containing many subsystems. Quality development and design at each stage is
essential to creating a functional product and ensuring all components work together
effectively.
2.5.4 High Level Diagrams
Figure 14: High-level overview diagram of the UAV mechanical systems
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Figure 15: Block Diagram showing how the major software objects interact
Figure 16: Electrical system block diagram
2.6 Team and Project Management
This section covers the challenges and constraints, budget, timeline, the design
process, safety risks, and plans to mitigate them, as well as general management of the
Shearwater projects team.
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2.6.1 Project Challenges and Constraints
The Shearwater project presents many challenges, which can broadly be divided
into those of hardware and those of software.
The first major challenge is steering an aircraft without any significant vertical
surfaces. While most aircraft are steered by a vertical rudder, the Shearwater drone
must use a different configuration. The two best alternatives to such a conventional
rudder are a split aileron rudder and an air brake rudder.
A second important constraint is the need for the aircraft to be moved and stored.
Since the final vehicle will have a wingspan of about thirty feet and a similar length, it
will not be practical to transport the craft fully assembled. This problem can be solved by
either adding hinges to the wings, allowing them to be folded when not in use, or by
making the wings detachable.
A third challenge is that of maximizing the available payload space. One
possibility is to make a large fuselage cavity. This would make it easy to balance the
mass of the payload. However, since most instruments require access to the exterior of
the craft, the fuselage cavity may not be optimal, as the fuselage has relatively little
surface area compared to its volume. A wing payload design, where cavities in the
wings are used to store payload, offers more external surface area but requires the
craft’s operators to consider balance, to prevent an uneven weight distribution.
The primary software challenge is to ensure reliability. This was accomplished
through extensive unit and integration testing, which ensured that the software
components work as expected individually in a wide variety of situations and that the
whole system works as well. In addition to this, the software team performed manual
tests of the software.
In addition to specific design challenges, the design team at large faced many
difficulties due to the COVID-19 pandemic. The pandemic prevented in-person
collaboration and the use of Santa Clara University’s specialized design and
manufacturing facilities. Because of this, the teams were broken up geographically and
some components had to be exchanged or mailed between locations for work. These
issues did not prevent practical testing or manufacturing but resulted in some
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unexpected expenses and substantially increased the time required for certain
components to be produced and tested.
2.6.2 Budget Discussion
The team has received funding from SCU, which has sufficed for the prototype
construction. The team has identified and enacted cost-saving measures, including
borrowing several expensive components. Construction material and some electrical
components were utilized from past years of work on the Shearwater project in order to
mitigate additional expenses. A discussion of the biggest costs can be found in Chapter
5: Costing Analysis. A complete budget breakdown table can be found in Appendix V.
The project was able to come in significantly under budget due to part donations from
the SCU RSL and team members, the final cost of the prototype was found to be $1626.
2.6.3 Broad Timeline
The early development of the project in the fall quarter was focused on gathering
data from contacts at MBARI to finalize the systems requirements. The next steps for
the mechanical team involved structural analysis and design of the subcomponents that
would be made to complete the airframe, a finalized design was made that split the
airframe into 6 major components discussed in the major subsystems chapters. The
software team during this time began researching existing technology for the VR control
system to gauge possible hurdles that would need to be overcome.
Fall quarter 2020
● Customer interviews - Oct. 24
● Structural analysis of critical points, week 6-10
● Research of VR to drone camera connection, week 6-8
● Research of AR and HUD additions to VR display, week 8-10
The Winter quarter was planned to be the initial stage of the prototype build.
Initial construction of the electrical system and calculations for mass balancing by the
build team began early in the quarter while members of the simulation team performed
analysis for sizing of the flight control surfaces that were confirmed by wind tunnel
testing. Construction of the six foam body sections occurred later after control surface
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sizing was finalized and final cuts were sanded to minimize wind resistance. Based on
structural weak point analysis structural reinforcements were placed including the wire
wing support and reinforcements for the main body that were integrated into the thruster
mounting system.
Winter quarter 2021
● Analysis for placement of internal components, week 1
● Introductory electrical work, week 1-2
● Software development for control systems week 2-4
● Control surface sizing and placement, week 1-4
● Cutting foam to create major structural elements, week 3-6
● Thruster tests, week 3-4
● Placement of structural reinforcements at critical sections, week 5-7
The Spring quarter saw the final assembly of the prototype and flight test
attempts. Integration of all subsystems occurred early in the quarter and flight tests and
airframe refinements followed as issues were identified and addressed.
Spring quarter 2021
● Assembled control system tests, week 1-3
● Initial flight testing, week 3-4
● Flight system refinement, week 4-9
● Final report, week 6-10
The main issues the design team faced were with regards to situations brought
up because of COVID-19. The team’s members are physically located in many places,
and with the Robotics Systems Lab closed, finding a place for the build team to work,
and ensuring that the proper tools were available, was difficult. The design team had
tried to remedy this by splitting the team into the build team and the software and
simulation team, with those who are able to meet near campus being placed on the
build team. The full timeline is listed in Appendix V.
2.6.4 Design Process
The team’s design process focused on minimizing the need for physical
prototyping by conducting a thorough review of existing designs, using computational
modeling methods and sub-scale physical prototypes. For each subsystem, the team
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began by analyzing designs used in successful ground effect aircraft that are currently
being deployed commercially. The design team then modeled variations of these
designs on the Shearwater airframe and tested them. These simulations utilized
computational fluid dynamics and strain simulations to ensure the aircraft was both
efficient and sturdy. Designs that showed a high degree of promise were prototyped
using real materials and stress-tested in a practical setting. This scaled process allowed
for a large number of designs to be considered and tested with minimal material
investment, saving time and money. Prototype parts were then built out of available
materials and were tested to confirm their performance, finalised pieces were then
made and assembled to produce the prototype airframe.
Likewise, the software suite that the design team chose leaned heavily on
industry best practices for HUD design and usability. Given the limited flight time of the
drone the software used had to be intuitive and easy to use quickly without the user
becoming overwhelmed or having difficulty locating different menus and understanding
the information flow. Different configurations of flight data, mission information, and
control feedback were designed as possible HUD displays and those that are most
efficient and intuitive to learn are being developed further.
2.6.5 Safety Risks and Mitigations
Prototyping and testing airframes and designing electronic systems can be
hazardous tasks so it is vital to ensure proper safety precautions are taken before
beginning any such activities.
Any in-person work, whether in the machine shop or at a computer lab carried a
risk of spreading or contracting COVID-19. To minimize this risk, all SCU and local
COVID-19 rules and guidelines were adhered to, both on and off-campus, including
appropriate social distancing, use of face coverings, and sanitization of shared
components.
Another set of risks stemmed from the potential for improper or unsafe use of the
CNC hot wire cutter for sizing foam for airfoil mockups. Burning one’s hand or limb on
the cutter or inhaling toxic fumes that came from the melted or burnt foam were some of
the possible dangers involved. To mitigate these risks, a fume hood was used during
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and after cutting operations until all fumes had dissipated, all limbs and digits were kept
out of the way of the cutting wire while it was running, and gloves were worn as well.
A further safety risk was the potential of harming one’s eyes during the sanding
of the foam airframe components. In order to mitigate this risk, all sanding took place in
a well-ventilated space, and proper eye protection was worn.
The use of 3D printers involves high temperatures in order to melt polymers
through the extrusion nozzle as well as a hot printer bed to keep the polymer at the
proper temperature to build off of. The risk inherent to the operation of these 3D printers
to create small parts is the burning of one’s hand on the bed or nozzle. In order to
minimize this danger, hands were kept away from the printer at all times during
operation and after until the proper time had elapsed for the printer and part to have
cooled.
Similar to the 3D printer, the use of a soldering iron to wire electrical components
also introduces the risk of burning one’s hand on a hot component or molten metal. This
danger was avoided by ensuring proper lighting in the workspace, wearing safety gloves
when handling the iron or the heated materials, allowing adequate cooling time after
work was done before touching the components, and the use of clamps and helping
hands to hold components to avoid direct contact with them.
The instability of lithium batteries used to power the flight of the drone created
potential fire hazards and electrocution risks. In order to avoid these inherent dangers,
all SCU RSL guidelines were followed closely. The batteries were not overcharged, the
voltages were acceptable, and the cells were balanced before use or storage. In
addition, a fire extinguisher and sand were kept handy at all times, a basic visual
inspection of the batteries was carried out to ensure no physical damage before
handling them, the batteries were stored in a fire cabinet when not in use, and stored in
LiPo bags and metal boxes when being transported.
An especially hazard-wrought aspect of this project came from the physical
flight-testing of the UAV prototypes. The main safety risk was the possibility of collision
with people or property resulting in damage to either due to loss of radio signal to craft,
radio signals being used to connect to the Pixhawk, loss of video feed, or human error
on the part of the remote pilot in command. Measures taken to minimize this risk
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included using spotters around the testing field to relay information if they see the UAV
drifting into a dangerous situation, development of and adherence to emergency landing
procedures to allow the rapid grounding of the craft if necessary, as well as
programmed-in auto-emergency landing protocols, to be carried out by the UAV if radio
signal was lost. In addition, all FAA regulations and SCU safety requirements were
followed.
Finally, loss of spatial awareness or orientation as a result of VR/AR-headset
system use resulting in a collision with table, chairs, or equipment was another possible
hazard to prepare for. To make the use of the VR/AR headset system safe, the area
around the pilot was cleared of debris or possible obstacles, and at least one person
was dedicated to watching the pilot who was wearing the headset to ensure they
remained safe.
2.6.6 Team Management
The Shearwater UAV design team took commitment to the project seriously. As a
result, there is a code of conduct that all members have agreed to which is in Appendix
VI. The focus of the code of conduct was to disincentivize behavior that unfairly
burdened teammates or that delayed the team’s progress towards the goals of the
Shearwater project. Failure to abide by the spirit or word of the code such as being
tardy, missing meetings, or not completing work on time or of satisfactory quality would
result in a team meeting where fellow teammates intervene. If the failures continued, the
next step would be notifying the advisors. If all else failed and serious infractions were
noted, the involvement of the team member's department head would be pursued.
The team is interdisciplinary, being composed of four mechanical engineers and
a computer engineer. Tasks related to electronics, programming, and AR/VR were
primarily taken up by the computer engineer, and tasks related to the airframe,
simulations, and controls were handled by the mechanical engineers. During the build
phase, mechanical system development was roughly divided into two groups, the
simulation group, composed of Aidan Nickels and Duncan Clark, was responsible for
setting up the simulations for parts as well as wind tunnel testing. Once that phase was
complete and a part was verified it was passed to the build team. The build team was
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composed of Cole Wolfe and Zachary Karat and was responsible for the construction of
the physical components of Shearwater and the final assembly. Zachary Karat and
Justin Cole were responsible for testing and implementation of electrical components of
the prototype. The development and configuration of software was done by Justin Cole.
In addition, Zachary Karat operated as the Project Leader, Aidan Nickels as the Project
Manager and Editor, and Cole Wolfe as the Note-Taker.
Meetings were generally held twice a week to delegate tasks and set action
items to be completed, brainstorm, organize, offer feedback, ask questions to clarify
understanding, work together, and prepare for new deadlines. One of the weekly
meetings was with the faculty advisor Dr. Kitts and co-advisor Dr. Ivashyn. Detailed
meeting notes were kept for this weekly advisor meeting in order to better retain the
information shared and in case an advisor or team member was unable to attend a
given meeting. The team was able to consistently find mutually agreeable meeting days
and times where all members could be present. Most work was completed somewhat
individually after being fairly and appropriately delegated after it was found that working
fully synchronously as a group was less efficient.
COVID-19 and other factors created significant challenges for the Shearwater
team, but with technology and creativity, these were overcome. Collaboration and




The design process for the UAV’s mechanical subsystems along with the
development of the airframe is discussed below. Multiple designs for each subsystem
were created and then a selection process was conducted to determine which of the
designs would be most suitable for use in the final design.
3.1 Airframe
The airframe comprises the primary housing and flight surfaces of the
Shearwater drone. The airframe’s development requires consideration of materials,
control systems, power supply, propulsion, and landing gear. It is the core of the entire
vehicle and supports all other components.
Project Shearwater’s airframe was designed by MBARI and was inherited for this
project; therefore a detailed design process was not performed as MBARI had already
conducted this process. They conducted a CFD analysis of several airframe designs
and then selected one to be further tested in an air tunnel [29]. The airframe that was
tested in the wind tunnel was the airframe that was inherited. Utilizing the provided
physical design of the airframe, engineering detail drawings for each component that
needed to be manufactured were created. Each of these sections was manufactured
from Foamular 150, a lightweight and rigid foam insulation material [30]. The Project
Shearwater GEUAV’s airframe consists of six main components: the left wing, the right
wing, wing housing top, wing housing bottom, nose cone top, and nose cone bottom.
The locations of these components are shown in Figure 17, and the engineering detail
drawings are in Appendix XVII.
Figure 17: Shearwater Airframe High Level Diagram
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3.2 Flight Surfaces
Flight surfaces are the movable lift generating pieces of geometry affixed to the
drone’s airframe. These components are actuated by the drone’s control system and
allow the aircraft to fly stably and to change direction in response to automatic feedback
and operator controls. Their testing and design is crucial to a functional aircraft.
The Shearwater UAV frame poses a unique design problem when it comes to
flight controls, that being there are no major vertical surfaces for the placement of a
conventional rudder. This design challenge is a significant issue as placement of the
rudder is a critical component to flight operation which is a critical element to flight
control as was specified by the PDS table in Appendix III. In response to this design
challenge, the mechanical team created several potential designs as alternative
methods of creating a rudder system.
3.2.1 Design 1: Split Aileron Rudder
The design team's first design was an attempt to utilize the existing flight control
surfaces on the main wing to make a dual-purpose aileron-rudder system.
Figure 18: Front view of Design 1 with the deployed system shown on the left
Figure 19: Side view of Design 1 with the deployed side shown
This design created a system of “dive flaps'' or air brakes that when activated on
one side or the other would create a drag force capable of turning the craft. Figure 18
32
and Figure 19 above illustrate this design with a configuration that would result in a
right-hand turn. This design requires the UAV’s ailerons to be inoperable while it is being
used as a rudder however which would make some maneuvers more difficult to
execute. It is, however, the simplest design to manufacture as the same flight control
surfaces that would be used for the ailerons could serve a second function. In this way,
it limits the complexity of the mechanical systems by adding some complexity to the
software control systems.
3.2.2 Design 2: Thruster Shift Rudder
The second design relied on the main thruster to be placed in a mechanism that
would allow it to move in the horizontal direction with respect to the craft and is shown in
Figure 20 below.
Figure 20: Top view of Design 2 and corresponding clockwise turn activation is shown
This design of the rudder system would allow for the craft's ailerons to be
unaffected during horizontal flat turns. As shown in Figure 20, the control would allow
for a thrust vector from the main engine to be responsible for all level turns as it could
be moved to the left or right to result in clockwise or counterclockwise turning patterns.
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The design would require a relatively complex gimbal to be made that would add weight
and other methods of failure to the craft.
3.2.3 Design 3: Air Brake Rudder
The third design is similar in operation to Design 1. The air brake rudder design
utilizes a set of flaps to extend out from the main body to allow for level turns.
Figure 21: Front view of Design 3 with flaps shown deployed on the left side
Figure 22: Side view of Design 3 with flaps shown deployed
As shown in Figure 21 and Figure 22 above, the deployed flaps would result in
an air drag on one side of the craft that would allow for level turning. Additionally, the
four flap systems could also be implemented to perform or aid in a number of different
maneuvers depending on which fins are deployed. This design has the benefits of not
involving the craft’s ailerons when performing rudder tasks but also has low
effectiveness when acting as a rudder as its effective moment arm is small due to its
location on the main fuselage.
3.2.4 Selection
The flight surfaces on the craft had to allow the UAV to make adjustments to its
Yaw Pitch and Roll sufficient to maintain flight in moderate weather conditions. The
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system also had to be able to be produced by the Shearwater build team within the
timespan available.
From the design decision matrix in Appendix III the split aileron rudder and air
brake designs were the top contenders and proceeded to a review by the design team.
The split aileron design would provide the UAV with the greatest control in the desired
axis for the rudder due to the larger lever arm, but interferes with aileron operation while
they are active due to shared flight control surfaces. The design also is the simplest to
implement mechanically but adds some complexity in terms of electrical and software
control systems.
The airbrake design allows for separate actuation of the rudder and ailerons but
has a very poor ability to reorient the aircraft as it has a very short effective lever arm
due to it being attached to the main body of the aircraft. The design additionally is the
most complex to both construct mechanically and configure electrically and in the
software control suite. These factors have led to the split aileron rudder being chosen as
the final design.
3.2.5 Surface Sizing
Solidworks flow simulations were run to screen for excess vorticity or irregular
flow over three different sizes of conventional aileron. These tests were conducted to
determine which size, if any, performed especially well when deployed at a roughly
30-degree angle with the wing under the higher end of expected head-on wind
conditions. During computation, obstacles were encountered related to zero-thickness
geometry generation in Solidworks due to modifications made to inherited CAD models
to simulate the aileron surfaces.
The ailerons, each with a 12-inch width, were varied in depth from “shallow”, 1.5
inches—to “medium”, 2 inches—to “deep”, 3 inches—as seen in Figure 23 below.
These depths were decided after examining various delta-wing RC planes and their
ranges of aileron-to-wing ratio. Given the similarities of these designs to the ground
effect UAV, they provided a useful comparative basis for the Shearwater aileron
proportions. Varied depth tests are valuable because they provide an examination of the
tradeoffs between greater vorticity generation and improved control responses. Larger
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surfaces allow for more rapid changes in the vehicle’s heading but can come at the cost
of troubling or potentially destructive vorticity generation.
Figure 23: The three aileron depths tested, from left to right: deep (3”), medium (2”), shallow (1.5”)
Testing with the deep aileron size produced excessive vorticity around key
components, as demonstrated below in Figures 24, 25, and 26. These regions of high
vorticity are accompanied by a drop in airspeed velocity, as represented by cooler
colors, resulting in significant drag on the airframe which could, in turn, decrease the
effective range of the UAV.
Figure 24: Top view of simulated flow over the “deep” configuration aileron-wing assembly, where the
magnitude of velocity is denoted by color
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Figure 25: Side view of simulated flow
Figure 26: Rear view of simulated flow. Notice the spiral-shaped vorticities that result in slow-moving fluid
zones
Because of this, it was decided that practical testing should proceed with the
medium-sized aileron design. While not the most optimal for rapid changes in direction,
the medium ailerons are still large enough to provide adequate flight control to the
vehicle without causing structural or aerodynamic issues. The medium aileron offered a
balanced level of controllability without compromising the aerodynamics, as laid out in
Table 3 below.
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Table 3: Variables tested and observed results of aileron flow testing
Shallow Medium Deep
Air Speed* 50m/s 50m/s 50m/s
Deployment Angle 30° 30° 30°
Width** 12” 12” 12”
Depth** 1.5” 2” 3”









*High end of range of wind speeds
**Width and depth based on existing delta-wing RC planes
3.2.6 Wind Tunnel Testing
Figure 27: The printed wing section with aileron deployed downwards and tube hinge component
attached
The wing section and aileron were printed at 50% infill using eSun black PLA+
filament on a PRUSA i3 MK3S+ FDM-type 3D printer. The wing has a depth of 5.5
inches and was printed at a 1:3 scale. The wing section and aileron were then
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appropriately positioned on an included testing slope built into the wing and epoxied
together to create the testing surface, as seen below in Figure 27.
Figure 28: Wind tunnel intake section with reinforcements
Figure 29: Wind tunnel laminar filtering section
3D printed brackets were added to the wind tunnel intake as well as flaps to go
around the body of the wind tunnel, as seen in Figure 28 above. The addition of these
reinforcements prevented the intake from collapsing during use and during transport.
The flaps made installing the intake on the body of the wind tunnel easier and ensured a
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tight seal with adhesives. This made assembling the testing configuration of the tunnel
far simpler and more reliable.
Figure 30: Mounting wind tunnel on vehicle
Assembling the wind tunnel on the test vehicle began with mounting the tunnel
body on top of the vehicle with zip ties and duct tape securing it firmly to the roof rack
and wooden beam support. The intake of the tunnel was then placed over the tunnel
body and taped down firmly. This prevented the intake from being crumpled and
ensured that it was in line with the tunnel body and that no portion of the tunnel was
canted. Shown in Figure 30. The tested wing section and aileron itself were mounted on
a hinge composed of two brackets supporting bars that go through a smooth tube
adhered to the wing. This allowed the wing to rotate smoothly. In addition, a small ledge
was placed under the wing so that at rest it was parallel to the ground instead of
hanging below parallel. On the floor of the tunnel, a spring gauge was attached which
was positioned so that a camera mounted to the roof of the test vehicle with tape and a
suction cup could record the spring gauge during testing. This allowed for both the wing
movement and the force of the wing’s roll to be recorded for video data analysis. Shown
in Figure 31.
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Figure 31: Close view of test component mounting
Figure 32: Final wind tunnel mounting configuration
Once the tunnel was mounted and secured, Figure 32, and the model and
measurement assembly were in place, testing was to begin. The goal was to test at 15,
30, and 45 mph wind speeds. In order to get an estimate for how fast to drive the
vehicle, the continuity equation relating cross-sectional area and flow speed (A1*V1 =
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A2*V2) was used. A1 in this case was the intake portion of the wind tunnel, which had a
cross-sectional area of 484 in2 at the opening. A2 was the testing section of the tunnel,
which was 210.25 in2. The hypothetical velocity factor of the wind tunnel was found to
be approximately 2.3. Using V1 = V2*A2/A1 = V2/2.3, it was thus determined that the car
would be driven at V1 of 6.5, 13, and 19.5 mph to achieve the desired internal wind
speeds, V2, of 15, 30, and 45 mph.
For each test, the camera started recording, the driver accelerated to the desired
speed and then maintained that speed until deceleration was necessitated by the
parking lot coming to an end. The recording was ended, the car reoriented, the path
secured and clear of any pedestrians, vehicles, or obstacles, the recording re-started,
and then up to the new speed for the next test.
It was expected that minimal or no wing displacement would occur at the lower
two speeds and that a noticeable amount of displacement would occur at the highest
speed. With the sensor removed, it was expected that a great deal of displacement
would occur or that the wing would potentially become unstable or swing all the way into
the side of the wind tunnel. If this occurred a redesign would be necessary to improve
stability as an uncontrolled roll on the test model could occur in actual flight.
Figure 33: Still image from testing video showing no deflection even at high speeds
The experiment was not successful and no significant deflection was observed at
any speed as shown in Figure 33. Even with the sensor entirely removed and an
internal airspeed of 45 miles per hour and a harsh aileron angle no roll occurred. The
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wing and aileron remained entirely static, aside from small vibrational movement,
throughout the duration of all tests.
Figure 34: Still image from final testing video showing no deflection even without downward force on the
wingtip
After it was clear following a few failed runs that no deflection was occurring, the
spring gauge was removed, as seen in Figure 34 above, in hopes that perhaps it was
producing too much downward tension on the wing to allow it to move. A final test at a
45 mph internal wind speed with the wing no longer burdened by the sensor also
yielded no roll.
Clearly, an oversight was made. It is believed that the main mistake was
mounting the wing hinge to the side of the tunnel instead of creating a pedestal in the
center of the wind tunnel to attach it to. The most likely source of failure for these tests
was not accounting for the boundary layer of lower-speed wind along the flat surface of
the wind tunnel wall. Not only would the wind speed vary from zero at the wall itself
(no-slip boundary condition) to the expected speed once out of the boundary layer and
into the free stream, but it was also possible that the flow within the boundary layer was
turbulent as well. As a result, the wing was at least partially within a zone of much lower
speed laminar, if not turbulent, flow, and no data was able to be collected. To determine
whether the boundary layer shown in figure 35 below would contain turbulent or laminar
flow, an approximate Reynolds number was calculated based on the assumption that
the flow on the wall of the tunnel could be simplified to that of flow over the surface of a
flat plate.
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Figure 35: Diagram from NASA GRC website displaying the effect of boundary layers on flow
over a flat surface (used with permission) [31]
For flow over a flat plate, Reynolds number is calculated as such: Re = ⍴*v*l/𝜇,
where ⍴ is the density of air, v is wind speed, l is the length of the wall starting at the
end of the laminar filtering section and ending at the wing, and 𝜇 is the dynamic
viscosity of air. Atmospheric pressure and 65 ℉ temperature were assumed in finding
the properties of air. ⍴ was determined to be 1.211 kg/m3, v in this example is 30mph
which is 13.411 m/s, l was 17.5 inches which is 0.444 meters, and 𝜇 was found to be
18.05*10-6 Ns/m2. Using these values, the Reynolds number is calculated to be just
under 4*105 which is many orders of magnitude larger than the 5*105 Reynolds number
upper limit for laminar flow over a flat plate, confirming that indeed flow was turbulent
and that the wing likely failed to roll due to this.
Due to inconclusive results, a follow-up test was designed using a much larger
model of the aircraft’s wing printed from standard PLA. This wing was a 1:1 scale model
and was hung vertically from a larger and less friction heavy bracket and hinge
assembly for testing. The mounting system was assembled on the same wind tunnel
used in previous tests and the previous test speeds were replicated with the wing
movement being recorded. This series of tests was significantly more successful than
the previous small-scale tests with substantial wing movements detected at all speeds.
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The results from this test demonstrated that the current aileron design is sufficient to
provide stability and adequate controllability when deployed.
Figure 36: Updated wind tunnel
The updated wind tunnel mounting system, Figure 36, uses a raised block with a
hinge mount that holds the wing through an opening in the wind tunnel’s body. This
allows the use of a test object that is almost as wide as the wind tunnel itself by placing
the supporting mount outside of the test space. The wind tunnel was also reinforced to
bear the increased weight of a larger test body and mount.
Table 4: Data collected and moment of lift calculated from the wing with aileron in improved test
Vehicle speed [MPH] 6.5 13 19.5
Airspeed [MPH] 15 30 45
Deflection [degrees] 13 20 30
Moment of lift [lbf-ft] 0.398 0.606 0.885
The lack of gauge avoids imparting additional force and resistance on the wing
and calculations using angular measurements produce the same results with a more
realistic test environment. The wing was mounted vertically to avoid structural issues
and to maximize freedom of movement. All data in Table 4 above is from the wing with
an aileron attached.
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, ,𝑊 = 2. 5𝑙𝑏𝑓 𝐿 = 1. 42𝑓𝑡 𝐹
2
= 𝑤𝑠𝑖𝑛θ
𝑀𝑜𝑚𝑒𝑛𝑡 𝑜𝑓 𝐿𝑖𝑓𝑡 = 𝐿2 𝐹1 = 0. 71𝐹2
Figure 37: Kinematic and trigonometric relations used to determine the moment of lift (torque) produced
by the wing-aileron based on angle of deflection
Figure 37 below shows a sample calculation used to compute the moment of lift
imparted by the wing and aileron for each test. The deflection values indicate the
distance from the center that the aileron-equipped wing moved during each test, and the
computed moment of lift represents how much lifting force the wing would be able to
impart on the airframe for each speed. Predictably, the moment of lift and deflection
increased at higher speeds. These results match earlier predictions made from
computational fluid dynamics simulations and the lift generated is sufficient for operating
the drone with its standard equipment load.
3.3 Flight Actuator:
The flight actuator is the mechanical assembly that drives the control surfaces of
the drone. It responds to signals from the aircraft's control system and translates those
commands into control surface movement to change the vehicle’s direction.
Due to the complexity of the split aileron design, a unique control system was
required to ensure the dual purpose flight control surface can effectively perform the
roles of aileron, rudder, or both at the same time while not compromising the structural
integrity or aerodynamics of the airframe.
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3.3.1 Design 1: Multi-Gear Actuator
The gear assembly in Figure 38 and Figure 39 would be used to control the
ailerons in the full-sized UAV assembly.
Figure 38: The gear assembly for aileron actuation
Figure 39: CAD model of actuator
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The gear assembly was printed in PLA+ and mounted on a foam board to ensure
smooth movement and function as well as fitment with the upper control plate. The arm
gears splay outwards as the inner gears rotate against each other, as seen in Figure 40
below, which would be controlled by servo motors in the final assembly.
Figure 40: 3D-printed gear assembly test for aileron actuation
Final prints as shown in Figure 40 of the design were made as proof of concept for the
design if the airframe were ever scaled up to a size where they could be used.
3.3.2 Design 2: Wing Mount Wire Control
Figure 41: Wire control system with left rudder actuation
The second method of control for the split aileron rudder would be a more direct
method, that utilized servos mounted on the wings of the craft as shown below in Figure
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41 to control the flight surfaces. The servos would connect to stiff wires that would run
to wooden connectors mounted on the split aileron and would control them through the
wire connection. This method would add some added wind resistance to the wings as
the servos would protrude out of the top and bottom of the wings but would have fewer
failure points and be simpler to implement than Design 1.
3.3.3 Selection
Due to size constraints brought about by COVID as all components needed to be
manufactured in a small space using handheld hot wire cutters and transported by car,
a more direct control method was necessary as available 3D printers did not have the
necessary resolution to produce a scaled-down variant. The gears would not form
properly given test prints at the scale so Design 1 could unfortunately not be used. The
added wind resistance of Design 2 was unavoidable and so it was utilized for the final
design.
3.3.4 Prototype and Analysis
After the initial calculations were complete the system was installed on the
ailerons as shown below in Figure 42.
Figure 42: Wing mounted servo control system
Using a top speed of 30 m/s and max deployment angle of 60 degrees for
calculations the following forcing graph in Figure 43 below were produced in MATLAB
using the code in Appendix XI using the following equations for wind loading on a
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surface to predict the torque experienced by the operating servo with𝐹 = 𝐴 * 𝑃 * 𝐶𝑑
various aileron depths.
Figure 43: Forcing experienced by actuator systems for aileron
3.4 Thruster:
The thruster provides the vehicle’s propulsion and allows it to generate the power
needed to take off and fly effectively. The thruster is integrated with the airframe and the
drone’s power supply and control system. It is required for all flight operations and
dictates the design of many other components.
The thruster mounting system is a critical component to safely and effectively
achieve flight. The thruster used for Shearwater has an impressive thrust to mass ratio
but is still the heaviest single component on the aircraft so safely securing it to the
airframe was an important design challenge.
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3.4.1 Beam Mounting System
Figure 44: Thruster mounting system
The design of the thruster mounting system seen in Figure 44 was made to be
very robust to hold the FMS 90mm ducted fan thruster and acted as an additional
structural element for the system as well. The long aluminum beams served to both
anchor the thruster as well as act as additional reinforcement for the wing mounting
system. The mounting bracket for the wing along with the through bolts went through
the two long sections. The two long sections of aluminum were epoxied into place to
ensure a strong connection to the rest of the frame. The main thruster was then
attached to the two beams by two bolts on either side that held it securely to the frame.
3.4.2 Prototype
Figure 45: Thruster testing platform
Multiple thruster tests were tested in a controlled indoor environment shown
above in Figure 45 before any flight tests were made at maximum thrust the main drive
in its final housing was recording the expected 30 newtons of thrust, shown in Appendix
IX, which calculations from MBARI regarding surface area to lift ratios at various speeds
stated would be more than sufficient for takeoff at the scale and weight the prototype
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was built at. At maximum thrust, no vibration or structural failures were noted so the
thruster assembly was cleared for flight test use.
3.5 Landing Gear:
The drone requires landing gear to take off and land safely. Landing gear must
be robust enough to withstand all realistic takeoff and landing conditions without being
oversized or overweight. The design of this system requires consideration of weight
limits and stresses on the overall airframe.
The final Shearwater vehicle must land and take off from the ground and water.
The team considered several designs. Since this prototype does not need to land on
water, two designs were reviewed that work only on land per the design specifications
(Appendix II), and one was reviewed that worked on the water as well.
3.5.1 Design 1: Standard Wheels
Similar to the design used by most fixed-winged aircraft, the first design of the
landing gear utilizes a system of wheels that are small enough to not compromise the
aerodynamic characteristics of the aircraft.
Figure 46: Wheel diagram
As illustrated in Figure 46 above, this design is a more complicated approach
that would create minimal wind resistance from the landing gear in flight, with a very
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simple build complexity that would hopefully make up for added drag. This design gives
the most control on solid ground as the front wheel could still serve to steer the craft.
3.5.2 Design 2: Simple Sled
Similar to designs found in helicopters, the second design relies on a fixed sled
attached to the undercarriage of the airframe.
Figure 47: Simple sleds
As shown in Figure 47, Design 2 utilizes a far simpler concept that has minimal
air resistance. The benefits of this design are primarily that there are no electrical
elements to implement as the system does not retract back into the body of the craft.
Ground-based landings would be possible on level surfaces and would require minimal
effort to manufacture.
3.5.3 Design 3: Floats
Utilizing a set of floats similar to those used by floatplanes, this design is similar
to the one shown in Figure 47 with the modification of the bottom elements being
replaced by a pontoon-like structure with wheels at the bottom. This design would allow
the UAV to more easily land on the water at the expense of ground-based landings
being more difficult.
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Figure 48: Simple Pontoon Floats
3.5.4 Selection
Providing for a smooth takeoff and landing is a critical function that would help to
prevent major damage to the craft and ensure its longevity. The system for the purposes
of the design team is required to allow the craft to take off and land on land, as the
project’s focus is not on the aquatic performance of the craft.
Based on consumer input and difficulty of design the build team has chosen to
use a fixed wheel design shown in Figure 49 below, as it is the simplest to build by far
and also has a very low wind resistance and weight.
3.5.5 Prototype
Figure 49: Landing gear
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The finalized landing gear system shown in Figure 49 included a reinforcing
aluminum beam to prevent damage during hard landings. The structure shown below
was shown to be sufficient for travel over flat surfaces.
3.6 Internal Storage:
Project Shearwater’s primary goal is to help gather data from remote locations,
as evidenced in Appendix II, so the vehicle must have adequate space for all the
scientific instruments that the UAV would be expected to carry, without compromising
structural integrity or balance.
3.6.1 Design 1: Fuselage Cavity
Figure 50: Inline storage bay with cavity shown in dashed lines
The first design takes its inspiration from commercial airliners such as the Boeing
747 aircraft and utilizes a centerline fuselage cavity to serve as the primary storage bay
as shown in Figure 50. This method has the benefit of being easy to balance loads in
the fuselage as the compartment is already in line with the craft’s center of gravity. With
this design, any imbalances in weight distribution in the storage bay can be more easily
dealt with by utilizing ailerons and elevators. This design leaves us with many options
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as well for the location of fuel tanks and other necessities that can be pleased in wing
cavities.
3.6.2 Design 2: Main Wing Storage Bay
Taking a more unconventional route, the second design for internal storage
utilizes the UAV’s large main wing as a possible location for storing scientific equipment,
as shown in Figure 51.
Figure 51: Design 2 storage bay with cavity shown in dashed lines
This design would allow the UAV to fit a wider range of sensors related to the
equipment as their placement would not be as constrained to one major axis for the
cavity’s position. This design also has the drawback that it compromises the main wing's
structural integrity, making it a more risky option. Weight distribution is still fairly easy to
balance using this design, however, greater care must be placed in the weights of
objects placed further from the UAV’s center of mass as a large weight distribution at
the extremities could result in loss of flight control.
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3.6.3 Design 3: Wing Payload
The third design utilizes two separate cargo holds located in the main body of the
wings as illustrated in Figure 52 below. This design has the potential for the use of many
devices that require access to the exterior, as it has a large contact surface area with
the craft’s wing. The design does, however, have the greatest potential for issues of
weight distribution and has the same issues in regards to diminished structural integrity
as noted in the previous design option. This design also makes it so that fuel cannot be
stored in the wings and reduces their structural integrity.
Figure 52: Design 3 storage bay with storage areas shown in dashed lines
3.6.4 Selection
The main goal of Shearwater is to provide a platform through which marine
exploration can be conducted more effectively and to achieve this the UAV must be able
to accommodate a wide range of scientific equipment on board.
Based on the information provided by the customers and faculty advisors, along
with ease of production constraints, the build team has elected to proceed with the
centerline fuselage storage design. This design promotes ease of fabrication as a
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semicircular cavity is far easier to make given the equipment it must hold than a large
cavity in the wings is. It also allowed for more basic mass balancing of equipment
onboard, and more easy access to the nose cone of the craft for placement of external
sensors.
3.6.5 Prototype
Figure 53: Final assembled airframe with integrated electronics
The final design seen above in Figure 53 utilized the in-line cavity allowing for
easy mass balancing and access to the internal electronics through the removal of one
of the two top foam sections.
3.7 Collapsible Wings:
The aircraft’s ability to be easily stored is also an important aspect of the design.
Because Shearwater must ultimately be maritime deployable, easy transportation and
storage of the drone is essential to operational success. The design team has come up
with several methods of allowing the craft to be more easily stored which is important for
the longevity of the craft.
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3.7.1 Design 1: Detachable Wings
The first design relies on a set of brackets that allows for the craft’s wings to be
removed from the fuselage as seen in Figure 54 below.
Figure 54: Removable wing diagram from the top view
The brackets will be locked to prevent interference while flying but will allow for
the wings to be detached when on the ground. This would make it easier to transport
and store the airframe. However, the possibility of the stresses experienced by the wing
during flight tearing the brackets from the fuselage would have to be designed around.
3.7.2 Design 2: Carrier Storage
Figure 55: Wildcats with folded and unfolded wings (used with permission) [32]
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Design 2 takes inspiration from WWII carrier-based aircraft, like the Wildcat and
Tomcat, shown in Figure 55 above, and how they were stored on deck. It utilizes a
similar hinge design to these aircraft as shown in Figure 56.
Figure 56: Mid-wing folding mechanism top view
This technique is better suited for storage in a horizontal position and allows the
craft to be stored very efficiently. As shown in Figure 56, the storage space is only
determined by the forward stabilizer position and the diameter of the fuselage. This
method would cause issues if the design team tried to have fuel or storage space in the
wings or even conventional ailerons as the connection mechanisms run right through
the wings midpoint.
3.7.3 Design 3: Detachable Wings
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Figure 57: Wing latch system displayed from top view
Figure 58: Detached wing section views
Design 3 utilizes a modular system that allows for the craft’s main wings to be
partly detached for storage. As shown in Figure 57 and Figure 58, the detached wing
61
section would slot into the rest of the craft, allowing them to be taken off for storage.
This system has the issue of potential structural weaknesses but allows for ease of
repair as the parts become more modular and can be interchanged. Similar to Design 2,
this method will cause issues if the design team is trying to have fuel or storage space
in the wings as the connection mechanisms run right through the wings midpoint.
3.7.4 Selection
Compact storage of the craft, while it is not in use, is an important component in
ensuring smooth and safe transportation.
Taking into account the customer feedback and stress analysis performed on
frame elements, having the point of separation between the wing and fuselage being
placed where the wing directly meets the fuselage was rejected as the space savings
are minimal and that would place a structural weak point on a point of stress
concentration.
From a build perspective, Designs 1 and 3 were favored. Ultimately a hybrid of
Designs 1 and 3 was selected due to concerns of vibration while in flight causing a
failure in the latch mechanism used in Design 3 which could cause a mid-air loss of part
of a main wing. The joint was moved to the intersection of the wing and fuselage and
the latch mechanism was reinforced by a through bolt that secured the connection
against vibrations shown below in Figure 59.
3.7.5 Prototype
The collapsable wing design shown above in Figure 59 was a necessary design
component that allowed the aircraft to be more easily transported. The below
component shows the separable waiting which can be removed by the removal of the
joining bolt that attaches it to the main body of the aircraft.
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Figure 59: Removable wing design
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4. Pilot Interface Environment Subsystems
One of the primary systems of the project is the advanced pilot interface that
allows for a pilot to see from the UAV’s perspective and display various useful pieces of
information including marked mission objectives. This chapter documents the major
subsystems that make up the environment of the pilot interface. The VR/AR headset
controls how the pilot views the interface and VR/AR engine renders the interface.
4.1 VR/AR Headset:
Because the entire image that a 360° camera captures is too large for a human
pilot to effectively see and comprehend at once, to mitigate this issue a display is
required that allows a pilot to view a section of what the camera captures. A VR headset
would be the most intuitive and quickest way to change the viewing direction; however,
there were a few models that the design team considered when choosing a headset.
4.1.1 Design 1: Google Cardboard
Google Cardboard is not a traditional VR headset. It is a small cardboard
construction and software that allows a smartphone to be used as a VR headset. The
cardboard holds the phone screen to the user's eyes like a headset. While it might not
be as robustly developed as a traditional VR headset, being able to forgo buying an
expensive headset for the project was an enticing option for the team and was
considered in order to keep the budget down.
4.1.2 Design 2: Oculus Rift
The Oculus Rift was one of the first attempts at a fully realized VR headset since
the 90s. It has seen use in a number of different applications since its release and
although other headsets have come to supersede it, the Rift largely still holds up today.
In addition, its controllers could provide ways to control various functionalities in the VR
space quite easily. However, despite its technical performance, it and its later models’
cost can be several hundred dollars. This price tag concerned the team during the
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budgeting process for this project and it had to be considered whether getting such a
device would be worth the cost.
4.1.3 Selection
While the team was researching options for acquiring various VR headsets it
came to the team’s attention that an associate of the team’s advisor had an Oculus Rift
headset that they were willing to loan out for the project duration. This made deciding
which headset to utilize quite simple. The Oculus Rift was a more robust option than the
Google Cardboard with its power, controllers, and easy integration into Unity. The
question was just whether the benefit of having a more powerful VR headset
outweighed the extra cost. Once the extra cost was removed, the Oculus Rift became
the clear choice for this project.
4.1.4 Prototype
The team was able to acquire the Oculus Rift without any issues and it was found
to easily integrate with Unity. There was no noticeable lag when the direction the pilot
faced changed and perfectly suited the project’s purposes. In addition, the Oculus Rift
controllers, shown in Figure 60, allowed for the team to add custom controls to zoom
the Google Map in and out and to hide the AR visualizations for a cleaner view.
Figure 60: Oculus Rift Headset
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4.2 VR/AR Engine:
In order to create a VR pilot interface and add AR visualizations of mission
objectives, the system needs a powerful rendering engine. There are a few possible
choices in the industry that would fulfill the project’s needs.
4.2.1 Design 1: Unity
Unity has been a popular choice for various VR/AR projects in recent years. One
standout feature that Unity provides is the ability to easily build the same program for
different platforms. This feature would help the team collaborate and test even if the
entire team does not have access to the specific platform on which the final project will
be deployed. Unity also provides an impressive suite of prebuilt objects that could be
used in AR visualizations as well as a free pro account for students. Unity runs on C#
and no one on the software team had worked with it before. This could lead to increases
in development time.
4.2.2 Design 2: Unreal Engine 4
Unreal Engine 4 has been popular in the gaming industry for many years and
with its free release in 2015, its prevalence has grown even more. Unreal Engine 4 has
a reputation for making the best looking games and the engine has also made great
strides in allowing for the creation of VR and AR games in recent years. C++ is the
programming language that Unreal Engine 4 runs on. The software team is familiar with
this language so this should speed up development. However, Unreal Engine 4 also
utilizes another visual programming language. This visual programming language could
offer an extra learning barrier.
4.2.3 Selection
The engines both had various advantages and disadvantages, however, some of
these tradeoffs came to matter more than others.
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The library of prebuilt assets from Unity seemed very useful so that the software
team could focus on development rather than design. In contrast, while Unreal Engine
4’s incredible graphical potential was interesting, it was unnecessary for the system’s
design as most of the models that would be used would be very basic and would not
need to be high resolution.
In addition, while C++ was more familiar to the software team as a whole, the
visual programming style of Unreal Engine 4 raised concerns over possible constraints
and increased development time due to a larger learning curve. In contrast, while no
one in the software team had used C# specifically before, it was similar enough to other
languages that had been worked with to make learning it not prohibitive.
Finally, the cross-platform features of Unity seemed very advantageous once the
Oculus Rift was selected as the headset for the system. With many parts of the design
team working remotely, it would prove difficult to ensure adequate access to an Oculus
Rift for development and testing. Therefore, the ability to develop the AR/VR system on
different platforms and then port it to the target platform seemed vital. All of these
factors together led to Unity being selected as the VR/AR engine for the project.
4.2.4 Prototype
Figure 61: HUD and AR demo app
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A prototype was developed to test out Unity development and possible HUD
layouts. This helped the team to learn more about the Unity development process and
AR in general. The process involved the creation of several C# scripts to pull in data
from the phone's sensors. This data was then used to update the HUD at the top of the
display shown in Figure 61 above. In addition, ARCore was then utilized to enable the
placement of AR markers. The resulting app, while simple, served to sufficiently
prototype various aspects of the final project. Many of the techniques utilized in this app
have been reused in the final project.
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5. Data and Video Feed Subsystems
To display relevant information and display a viewpoint from the UAV in the pilot
interface, data and video must be transferred from the UAV to the ground station. This
chapter documents the major subsystems that allow for these data and video feeds.
The drone telemetry connection allows for a steady stream of telemetry data, the
camera allows for the generation of a video feed from the UAV, and the wireless camera
connection transfers the video feed from the UAV to the pilot interface.
5.1 Drone Telemetry Connection
While the drone could be controlled via remote, the ground station needed a way
to receive sensor data from the drone. The flight data was crucial to understanding the
state of the drone.
5.1.1 USB Antenna
The drone utilizes USB Antennas to transmit data from the drone and its sensors
back to the ground station. These antennas work by plugging into the Pixhawk controller
or a sensor directly and then transferring any data input into the antenna to a paired
receiver on the ground. This receiver can then be plugged into a computer to log or
utilize the data sent. This does not have the limitations of WiFi where the drone would
have to be within range of a hotspot or router in order to send and receive signals. In
addition, unlike traditional radio, multiple antennas can be used without interfering with
each other.
5.1.2 Selection
As the team was considering possible ways that sensor data could be
transmitted, the USB antenna very quickly became the clear choice. Members of the
team had used them before with no problems and they seemed like the perfect solution.
One other possibility that was briefly mentioned was radio, but due to the interference




The pilot interface being designed must allow the pilot to see out of any direction
from the drone. This will allow the pilot to have a better understanding of the drone’s
surroundings even when the drone is flying far away from the pilot
5.2.1 Design 1: 360° Camera
A 360° camera will allow the system to capture all of the drone’s surroundings at
once.
Figure 62: Mounted 360° camera
As can be seen in Figure 62, the 360° camera will be mounted to the bottom of
the drone. This will allow the pilot to look in all directions except for up. This limitation,
however, is acceptable since the biggest obstacles to flying will most likely be in front of
the drone and below the drone when landing. The biggest disadvantage of this option is
it would require the development of a system for viewing a usable section of the entire
picture taken.
5.2.2 Design 2: Camera on a Servo Swivel
One way to allow the pilot to look in different directions would be to attach a
video camera to a servo swivel at the bottom of the drone. This would allow the pilot to
look at one section along the drone’s horizontal plane and change directions at the
pilot’s command. This option allows the pilot to see the drone's video feed from any
computer screen. One of the major drawbacks of this option, however, is it would
introduce a blind spot below the camera as well as above. In addition, changing the
camera orientation may take time which may not be reasonable during flight.
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5.2.3 Selection
The camera that would be attached to the drone was an important piece of the
system’s design. The swivel camera in design 2 was a possible option and was briefly
considered by the design team, however, in the operation of a high-speed flying drone,
the large blindspots and relatively long swivel time seemed undesirable. Due to these
concerns, the 360° camera in design 1 was chosen. This choice was further reinforced
with the incorporation of a VR headset into the system, allowing for the pilot to very
quickly and intuitively change their viewpoint.
5.2.4 Prototype
After some work, the camera was able to successfully connect wirelessly to the
Unity client and 360° images were able to be properly displayed. A mount was then
designed and implemented for the camera which can be seen in Figure 63.
Figure 63: 360° camera mount
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This configuration allowed for a revolutionary new viewpoint that allowed for an
enhanced piloting experience. The UAV pilot had a complete view of the surrounding
environment making them feel integrated with the aircraft like never before.
5.3 Wireless Camera Connection:
While a recording camera on the drone would be a great asset, what was mainly
desired was a live camera feed. To display the drone’s viewpoint to the pilot there
needed to wirelessly connect the camera feed to the VR program. The Ricoh Theta V,
the main camera that the team considered for the project, supported two connection
modes, one over Bluetooth and one over WiFi. Within the WiFi configuration, there were
also two different setups: the direct mode and the client mode.
5.3.1 Design 1: Bluetooth
Bluetooth was a compelling option for several reasons. First, it is a common
protocol that almost all computers support. Second, there are many classes of
Bluetooth, some with fairly long-range that could give the drone’s camera a larger
operating range. Third, utilizing Bluetooth would leave the WiFi connection open on the
laptop freeing it up to be used for other purposes such as connecting to the internet and
accessing various APIs. Bluetooth, however, came with one major disadvantage: its low
bandwidth. This bandwidth made it so that while the camera could be commanded to
take pictures or video, it could not send a live video feed.
5.3.2 Design 2: Wifi Direct
This was by far the simplest option. The Ricoh Theta would put out a WiFi signal
that any WiFi-enabled device could connect to. Then, using Google’s Open Spherical
API, which Ricoh Theta implements, a live video stream could be requested over HTTP,
as visualized in Figure 64 below. This setup did suit the project’s requirements,
however, there were a few factors to be considered. The Ricoh Theta V’s WiFi signal
was reported to be not particularly strong and there were doubts as to if the range would
extend far enough. In addition, connecting the ground station computer directly to the
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camera meant that it would not have any way to connect to the internet. This would limit
other features that could be added to the VR program.
Figure 64: Wifi direct diagram
5.3.3 Design 3: Wifi Client
This design had the Ricoh Theta go into client mode and connect to a known
nearby WiFi router.
Figure 65: Wifi client diagram
As can be seen in Figure 65 above, the ground station computer would then
connect to this same router and communicate to the camera over the resulting Local
Access Network (LAN). This design would also utilize Google’s Open Spherical API to
communicate with the camera and as such is quite similar in many respects to the direct
WiFi connection design. However, this design features a few key differences. To begin
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with, the connection process would become more complicated. When in client mode,
the Ricoh Theta requires the usage of a username and password to answer requests.
This has to be passed to it using a specific digest protocol. This would make the setup
more complicated than the direct WiFi connection. However, with that complexity there
came two major benefits. First, because the ground station computer was now
connected to a general router rather than the camera itself, if the router had internet
access, for example, if it was a smartphone hotspot, then the computer would have
internet access and still be able to connect to the camera. In addition, there would now
be a way to increase the range of the WiFi connection by improving the router itself.
5.3.4 Selection
The different designs had various tradeoffs, however, after consideration there
appeared to be a clear winner. A live video feed was a major requirement for the project
and which made the limitations on a Bluetooth connection unacceptable for this project.
This made the decision between the two WiFi configurations. Despite the added
complexity of the WiFi client design, its upgradability and enablement of internet access
made it the best choice overall. The option of internet access became especially useful
once displaying a Google Map of the surrounding area within the VR space became
discussed as a feature.
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6. AR Visualization Subsystems
In order to render the AR visualizations for the pilot interface, methods for
entering the desired AR visualizations and rendering them must be determined. This
chapter documents those methods. The marker creation system allows for the entry of
mission objectives for AR rendering by the pilot interface and the AR system determines
how those mission objectives are rendered.
6.1 Marker Creation System
One of the goals of the Shearwater pilot interface was to be able to mark mission
objectives using AR. However, the question then becomes what is the interface for
entering such points.
6.1.1 Design 1: Custom Program
One idea that was discussed was the creation of a custom interface that would
allow for the entry of mission objectives. This would allow for much finer control over
what characteristics a point could have and would allow for more complex
specifications. This would, however, come at the cost of the additional development
time it would take to create such an interface.
6.1.2 Design 2: Mission Planner Export
Something of note about Mission Planner is that one can already mark points of
interest on the map. In addition, one can export the longitude and latitude of the points
that have been marked along with their associated name to a text file to be used
elsewhere. Using these facts, it is possible to simply utilize the already existing Mission
Planner point selection system and then have the VR pilot interface simply import the
points of interest from the export file. This would be advantageous for two reasons.
First, utilizing an already existing system would save development time that could then
be used on other parts of the project. Second, Mission Planner is a commonly used
flight control software, and as such many pilots already know its interface. Being able to
integrate with already understood tools and features would help pilots to more quickly
and easily learn and use the VR pilot interface.
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6.1.3 Selection
After much deliberation, it was decided that utilizing Mission Planner’s point
selection system was sufficient for what the project required. While a custom program
would allow for finer control over the point storage format and the possibility of including
more information about each point, the additional development cost and added learning
curve for pilots were decided to be unsatisfactory.
6.2 AR System
As well as providing a 360° view for the pilot and a HUD with useful information,
the pilot interface needs to display augmented reality (AR) visualizations over the video
feed that will indicate information about the world itself. The question then becomes how
these visualizations would be created. Providing AR to a disconnected video feed is an
uncommon use case as most AR implementations rely on specific camera features and
an integrated GPS unit. In addition, even less work has been done on allowing for
augmented reality to be used on a 360° camera feed.
6.2.1 Design 1: Using Vuforia through a Virtual Camera
Vuforia is a general AR platform that can be used on several different devices.
Using an established AR platform would significantly speed up development time and
drastically increase the complexity of the AR visualizations that the team could develop.
In addition, it also has a plugin called GPS + AR that could enable AR points to be
marked at specific GPS coordinates which is perfect for the team’s use case.  However,
there are two important caveats to the use of this platform. First, many of the platform's
more complex features require a specific camera capability called ground plane support.
This capability allows for Unity to detect where the ground is in order to better place and
display AR visualizations. This feature however would not be supported with the current
project setup. The GPS + AR plugin also states that this feature is necessary for the full
use of its capabilities. However, the team believes that, while some more complex
features may be lost, the main set that the Shearwater VR program would require may
still be usable.  As such this may be a manageable downside.  The second issue with
this design would require more work to alleviate. As most cameras only look in one
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direction, Vuforia was designed with the assumption that the video feed is looking in a
particular direction. This, however, is not the case with the project’s 360° camera video
feed. While the pilot in the VR headset may only look in one direction at a time, the raw
camera feed captures video in all directions at the same time. This means that it would
be impossible for Vuforia to map the AR visualizations onto the feed directly. There is
however a potential way to solve this problem.
Figure 66: 360 to Vuforia video flow
As seen in Figure 66, the 360° camera feed could be put on the inside of a
sphere in Unity. Then a virtual camera tied to the VR headset’s movement could be
placed inside the sphere. This would allow for the creation of a directional slice of the
360° video based on the VR headset’s movement. Then the output from the virtual
camera could be fed back to Vuforia as a virtual camera feed. Vuforia even has an API
for custom camera drivers which could aid the creation of this virtual camera feed.
However, much work would need to be done to confirm that this is fully possible and
what kind of lag such a complicated setup would produce. Too much input lag could
disorient the pilot.
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6.2.2 Design 2: Custom AR Implementation
The fact that the source of the video feed is both remote and a 360° camera
means that most traditional AR solutions are unusable. A custom AR solution could be
implemented to rectify this problem. The first and simplest visualization to handle would
be to mark the direction towards mission objectives with a point on the screen. One way
to do this is to lock the VR headset’s perspective to the in-game origin while still
allowing it to rotate. This ensures that the angle to all points is constant and that all
points along any line from the origin outward always line up from the pilot’s perspective.
Utilizing this fact, if the relative direction of the objective marker from the drone can be
determined, then placing that point along a line in that relative direction should appear
to the pilot as being on top of where the objective is in the camera feed. Formulas will
have to be utilized to determine the relative distance from the drone to the objective
using their respective GPS coordinates and the point then will have to be rotated around
the origin depending on the roll, pitch, and yaw of the drone. Creating AR like this would
allow for more custom control over how the visualizations look and function. However, it
also means that any new types of AR visualizations will have to be independently
implemented, significantly increasing development time for new features.
6.2.3 Selection
Both of these methods for creating the AR visualizations show promise. The
Vuforia method would be incredibly useful as a method to bridge the gap between 3D
and 2D video and a custom AR implementation would allow for far more precise control
over how the AR functions that could take into account the unusual setup of the pilot VR
program. However, due to the number of unknowns and complexity associated with the
Vuforia method, it was decided that a custom AR implementation was the best solution
given the project time constraints. This implementation would still feature some more
complicated mathematical concepts, but they were all known and solvable.
6.2.4 Prototype
As shown in Figure 67, the final AR marker implementation allowed for small
colored spheres to be placed around the pilot’s field of view that pointed towards the
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relative position of various mission objectives and showed relevant information about
that objective when looked at.
Figure 67: AR markers
Changes in the pilot’s perspective as the UAV changes orientation are adjusted for by
rotating the AR points utilizing the Unity Engine’s implementation of Euler angles and
quaternions.
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7. System Fabrication, Integration, Testing, and Results
This chapter covers the fabrication and integration of the systems discussed in
previous sections, the flight testing that the Shearwater UAV underwent, and the results
of the flight tests.
7.1 Airframe Fabrication
Based on the airframe component drawings, Appendix XVI,  each airframe
component was hand cut utilizing a Hot Wire Foam Factory hot wire cutter. Utilizing this
method resulted in cuts with a precision of 1 centimeter. Once the rough cuts were±
completed each component was sanded. This was to ensure that the airframe was as
smooth as possible to help prevent excess drag. Each component was sanded multiple
times using increasingly finer sandpaper. During the initial phase of sanding the
sandpaper was used to finalize the shape of each component. Overall, approximately 2
to 3 millimeters of foam were removed during sanding. Figure 68 and Figure 69 below
show what one of the wings looked like before and after sanding had been completed.
Figure 68: Wing before sanding Figure 69: Wing after final sanding
7.2 Internal Cavity and Electronics Placement
The placement of internal cavities and the electronics inside of them is crucial for
the balance of the aircraft. For stable flight, it is critical for the center of mass and center
of life to be aligned. Careful mass balancing calculations were performed to ensure the
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larger elements of the electronic and mechanical systems would not disrupt this
alignment. When integrating the electrical system the craft was weighed while installing
components to confirm theoretical calculations as shown below in Figure 70. Electronics
were mounted to a plexiglass sheet that ran from the engine housing to the battery
compartment to ensure no midair shifting occurs. The plate itself is bolted into place to
ensure it does not move while allowing it to be detachable if need be.
Figure 70: Internal electronics layout pre-mounting
An issue that was faced during this time was a battery change that was
necessary to supply the main drive with additional voltage. This occurred as data on the
drive’s thrust curve which was inherited from a previous team's work was incorrect,
resulting in inadequate thrust with our initial battery. The second battery was heavier
and thus required moving other components to compensate for the balance shift.
7.3 Radio Channels
To allow for the RC controller to effectively control the drone, the different
controller inputs had to be mapped correctly to the drone’s servos. However, because of
the project’s use of the split aileron design, the mapping was fairly complex and
required the mixing of radio channels. This proved to be challenging with the limited
number of available channels to mix into. However, after some work, a configuration
was found that enabled the required flight capabilities.
7.4 Required Computer Specifications
Because of the number of required ports and graphics processing capabilities
required by the Oculus Rift and its associated sensors, the ground station computer
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needed to have very specific requirements. This meant that most laptops could not
function as the ground station and as such limited what devices could be used for
testing.
7.5 Large Amounts of Delicate Equipment
Between the drone, camera, VR headset, computers, controller, and radio
receiver there was a large amount of delicate equipment involved in this project. The
team had to be careful not to damage any of it during transport. This limited where the
testing station could be set up and made certain testing sites unusable by the team.
7.6 VR Software Testing
Unity has a built-in testing running system so that the continued functionality of
code components can be regularly verified. Utilizing this system, bottom-up testing was
employed, and as such driver unit tests were written for the major testable functions in
the VR program. These tests ensured that the core functionality of the functions would
be fulfilled even if the exact implementation was adjusted throughout development. As
some functions proved difficult to unit test, such as those that made requests to external
systems, major functions were split into logical sub-functions wherever possible. This
division of functions ensured a high degree of code coverage whenever tests were run.
After all of the individual functions pass their tests, integration testing on each of the
major objects is run. This ensures that the various functions can work together to
perform the duties of the different objects in the system. Next integration tests are
performed between dependent objects to ensure that objects that rely on each other
can properly work together. Finally, a full system test is run to ensure that the system
works as intended and fulfills all functional requirements. One such full system test is
documented below.
A mission planner simulation was set up for the purposes of testing the full VR
pilot interface. The simulated plane was set to fly around 10 m/s at a heading of 5
degrees and an altitude of 5 meters. This setup can be seen in Figure 71 below. It
should be noted that the output flight parameters do not reflect the input ones perfectly
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as the Mission Planner simulation’s flight parameters oscillate like how a real aircraft’s
parameters would.
Figure 71: Mission planner setup for integration test
Figure 72: HUD in pilot interface
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As can be seen in Figure 72 above, the VR program HUD displays the incoming
data correctly showing the correct current telemetry data. As can be seen in Figure 73
below, the Google Map displays correctly and shows the surrounding area.
Figure 73: AR Google map in pilot interface
Markers were added at the latitude and longitude points: 37.49, -122.19, and
37.50, -122.18. These markers can be seen in red on the Google Map screenshot.
These markers can also be seen in Figure 74 as the AR red dots that appear over the
video feed.
Figure 74: Screenshot of AR marker in pilot interface
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When facing north these markers appeared to the left of the pilot which is the correct
direction. In addition, when looked at, the markers displayed their name and the
approximate distance to them. Given that the marker that was looked at, called “some
point”, was positioned at 37.49, -122.19 and that the drone was currently at
37.4902853, -122.1600335, a distance of 2.64 km is the correct distance between those
points as verified by Google Maps in Figure 75.
Figure 75: Google Map distance verification
7.7 Flight Testing
During the course of system flight testing, the team ran into several problems that
prevented the aircraft from taking flight. The primary issue faced was the lack of a level
takeoff surface, this resulted in damage to the aircraft at several times as the nose of
the aircraft would bounce over divots in the terrain and cause damage to the forward
landing gear of the forward canards, damage to either could prevent takeoff. Attempts to
mitigate this were made including structural reinforcement to the nose section and
various methods of creating a temporary runway.
Baylands park was initially scouted as a good option for a flight testing location
as the RSL had used the airspace before so it was simple to get SCU and FAA
clearance to test there. However, its utility for testing larger aircraft was diminished as
the lack of a flat runway surface made launching impossible. Other airparks were
investigated but those within range of the school either had similar problems to
Baylands or had been closed due to COVID-19 restrictions. However, except for the
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mounting system for the forward landing gear, the structural integrity of the aircraft was
thoroughly tested at Baylands park, and the airframe held together.
7.8 Results
Some key information was learned about the functionality of the aircraft through
the tests. The thruster demonstrated more than adequate thrust to get the aircraft up to
speed, and the mounting system showed itself to be rugged enough to survive the
thruster’s output and crash landings. Improvements were made to the front canards that
mitigated the necessity of a flat runway by causing the nose to pitch up at a slower
speed, but due to time constraints, this could not be tested. An improved mounting
system for the forward landing gear also was shown to be needed as the rough
conditions exceeded the expected forcing of a flat runway, a system was developed and
implemented, and functioned as expected. Onboard electronics functioned as expected
on site showing the viability of the craft's electrical control suite. The ailerons, split
rudders, and thruster, responded well to RC controller inputs and showed minimal lag.
Mission Planner’s telemetry data updated regularly with no noticeable connection
issues.
A final note was made that in future prototyping having thicker foam would be
very useful as after repeated rough landings the method of lamination seemed to be
degrading between the sheets, the foam’s structural properties were sufficient however




The team’s original budget plan cost $5799, and Santa Clara University funded
$2500 as a Senior Design Undergraduate Programs Grant. The team revisited the
budget and identified ways to avoid buying several expensive items. The SCU Robotics
Lab agreed to lend the team an appropriate VR headset and controller for the AR
control suite, along with several electronic components which saved the team a
significant amount of money.
The most expensive components the team will purchase are a 360° camera
along with flight batteries and servo motors. The batteries cost $200, and the camera
costs $460. Together, these components along with structural materials represent most
of the project’s current available budget, but they are all essential to completing the
project. The final cost of the prototype’s construction was $1626 resulting in the team
coming in well below budget and being able to use the remaining funds to purchase




This section provides an overview of patents that have been already filed that are
of interest to project Shearwater.
9.1 Patent Classifications of Interest
While researching patents related to Shearwater, in order to avoid infringement
the following patent classifications were identified as being of particular relevance: CPC
B64C (Aerospace, Helicopters), CPC F (Mechanical Engineering), CPC HO4M
(Telephonic Communications), and CPC G06F (Electrical and Digital Data Processing).
These categories contain technologies used by the Shearwater UAV and were of crucial
interest with regards to identifying prior art that Shearwater could potentially infringe
upon.
9.2 Review of Prior Art
Patent US6491261B1 details a split-control surface design that imparts yaw and
acts as a rudder simultaneously. This is similar to how the Shearwater drone imparts
yaw without a traditional rudder. However, Shearwater includes aileron functionality in
the same control surface system and is unique. [PR1]
Patent EP3478576B1 details a split aileron control system where a primary
aileron is controlled by feedback from a secondary aileron. While Shearwater does
utilize an electronic aileron control system it lacks a smart feedback mechanism
between different ailerons and does not appear to relate to this patent. [PR2]
Patent US6270038B1 describes a unique drone using a counter-rotating ducted
motor to fly. This drone, like Shearwater, creates a ground effect to sustain its flight. The
Shearwater drone uses a different mechanism to do so rather than a propeller and lacks
a central counter-rotating rotor. [PR3]
Patent US2466426A is for a drive flap actuator. This system controls two different
surfaces on each wing to slow down the aircraft during maneuvers. While Shearwater
does use split aileron rudders to achieve the same effect the mechanism to do so is
different. [PR4]
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Patent RU2328409C1 is for a canard wing system that offers an aircraft
additional control in the air. The horizontal configuration is similar to the Shearwater
forward canard section, however, the construction of the canards is dramatically
different. [PR5]
Patent US7607611B2 describes an electromechanical control surface actuation
system similar to that used by Shearwater internally, however, it does not utilize a
gearbox that is in any way similar to that of Shearwater. [PR6]
Patent US8380364B2 describes a computerized flight control feedback system.
While Shearwater does use computerized controls it does not integrate this technology
into the control surface control mechanism. [PR7]
More detailed patent information can be found in Appendix XIV.
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10. Engineering Standards
There are five sets of engineering standards that were taken into consideration
during the development of Shearwater. The first set of standards were the avionics
standards from the Association of Model Aircraft, AMA. The second set was the
certification and operation standards from the FAA, specifically part 107. The third set
was the structural standards provided by the American Standard for Testing and
Materials, ASTM, specifically standard F2910. The fourth set of standards was the
ground station software standards, DO-278A, created by the Radio Technical
Commission for Aeronautics, RTCA. The fifth and final set of standards was the quality
standards and dimensioning, ISO 9001, from the International Organization for
Standardization.
10.1 Avionics AMA:
Avionics covers a wide range of flight control systems that dictate the aerial
performance of an aircraft in flight. Covering the mechanical electrical and software
components of the flight control systems many regulations are in place to ensure
designers of aircraft have sufficient safety precautions in place to keep an aircraft's
potential passengers and personnel on the ground safe.
Mechanical systems have the least strict regulation in place, as aircraft can take
on many shapes and sizes, the necessary thruster and flight control surface
configuration necessary for safe flight can vary widely. Standards and guidance can be
found in the Pilot's Handbook of Aeronautical Knowledge (PHAK) Chapter 6. General
recommendations for small aircraft, drones, and RC aircraft can be found on the
Association of Model Aircraft (AMA) website [33]. The standards cover:
1. Flight control surface sizing for operable control in the three control axis of
the aircraft yaw, pitch, and roll that would allow the aircraft to make all
necessary maneuvers while in the air.
2. Mass balance for location of center of gravity
3. Wing sizing for location of center of lift
4. Thrust requirements
5. Effects of weather phenomenon on flight control and thruster performance
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These standards were consulted during the design and build process for Project
Shearwater to ensure the aircraft could perform necessary flight maneuvers. Special
attention was taken during the simulation phase to ensure that the control surfaces for
the roll and yaw axis were sufficiently sized due to the unconventional nature of the
craft's split aileron rudder system.
10.2 FAA Part 107:
The Federal Aviation Administration (FAA) has set guidelines and regulations
concerning the certification of drone pilots and the operating rules of drones [34]. In
addition to a knowledge test on all of Part 107, a strong knowledge of airspaces and
aeronautical knowledge is tested as a requirement for being licensed. The regulations
concerning small unmanned aircraft systems (UAS) or “drones” and their piloting
addressed in Part 107 include:
1. Establish a remote pilot in command position
2. Conduct pre-flight inspection to ensure full operational capacity and
control including aircraft and control system checks
3. Ensure compliance with drone registration requirements specified in §
91.203(a)(2)
4. Avoid manned aircraft.
5. Never fly in a reckless or careless manner
6. The drone must remain in the line of sight of the pilot. If using a
first-person view such as through a camera on the drone, a visual
observer must be able to see the drone at all times
7. A pilot or visual observer can only be operating one drone at a time
8. The drone cannot be flown directly over people not directly involved in the
operation
9. The drone generally cannot be piloted from a moving vehicle
10.The drone may generally only be flown between 30 minutes between
sunrise to 30 minutes after sunset
11. The weather visibility must be three miles from the pilot or greater at all
times
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12.Generally, the drone may be flown up to 400 feet above the ground
13.The maximum speed is 100 mph
14. An external load can be attached if secure and does not effect flight
stability or control
15.Upon request be able to allow inspection of the drone and any related
documentation
16.Report any operation to the FAA that results in serious injury, loss of
consciousness, or property damage of $500 or more, within ten days of
the incident
17. In the case of an in-flight emergency deviation from these requirements is
permissible
These rules, and guidelines, along with possession of the Part 107 pilot’s license,
are used for every test flight and help maintain the safety of the team members as well
as minimize potential damage to the UAV from improper operation.
10.3 ASTM F2910:
The American Society for Testing and Materials specifies certain general
standards for unmanned aerial vehicles under a weight of 25 kilograms [35]. These
specifications primarily relate to design constraints regarding safety that ensure the UAV
cannot break apart and cause debris to fall during flight and that issues that could lead
to the loss of control over the drone are mitigated.
Structural standards include:
1. Airframe stress testing at realistic flight conditions to check for damage.
2. Airframe storage testing in use conditions (such as high humidity or near
saltwater).
3. Airframe damage or deterioration sustained over time by flight operations.
4. Airframe damage or deterioration sustained over time by take-off and
landing procedures.
Control reliability standards include:
1. Rugged mounting of flight control system hardware to prevent internal
disconnection.
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2. Use of certain transmitting and receiving systems that demonstrate high
reliability in specified conditions.
3. Use of specialized transceiver equipment for operation in certain
environments (such as near buildings) where transmission may be
occluded.
Incorporation of the ASTM F2910 standards can assist in designing a UAV that
features robust resistance both to physical damage as well as to vulnerabilities in
connectivity and control system deterioration. This ruggedization process is important to
avoid dangerous situations where airborne debris or an out-of-control aircraft becomes
a hazard to other airborne vehicles, bystanders on the ground, or to the operating crew
of the drone during take-off and landing.
10.4 DO-278A:
The DO-278A standard specifies standards for ground station software. It is
supposed to ensure that the software in question has received a high level of code
coverage. This standard was published by RTCA, Incorporated which is a volunteer
organization that creates technical standards for governmental use. This standard was
meant as a companion for the DO-178c standard which was designed for flight
software. This rates software on a scale of assurance from one to six with software
given a one rating needed to be the most assured and six needing to be the least
assured. [36] This allows the standard to be flexible and requires less rigor from less
critical systems. The documentation required for the standard is listed below.
1. Plan for Software Aspects of Approval (PSAA)
2. Software Quality Assurance Plan
3. Software Configuration Management Plan
4. Configuration Control Procedures
5. Software Code Standard For Ada
6. Software Design Standard
7. Software Requirements Standard
8. Software Development Plan
9. Software Verification Plan
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10.Source, Executable Object Code, SCI and SECI











Based on the standard’s definition the ground station software falls within
Assurance Level 4. On this level, a failure in the software could lead to a minor and/or
major consequence for the operation of the system as a whole. This rating is given
because a loss of the VR program’s visuals could lead to impaired flight, however,
Mission Planner’s autopilot still exists as a fallback. In addition, as long as the drone is
flying within sight of the ground station then it can still be operated by the pilot normally.
This standard has been important to keep in mind when testing the VR program as it is
important to ensure that each section of the code is thoroughly tested. This way it is
ensured that as many bugs as possible show up during the testing phase and not during
flight.
10.5 ISO 9001:
The ISO 9001 are standards for companies’ quality management systems. To
earn the certification a company would have to meet the standards set by the
International Organization for Standardization (ISO). These standards are organized by
the ISO into ten clauses. The documentation required to earn the ISO 9001:2015
certification is listed below [37].
1. Monitoring and measuring equipment calibration records
2. Records of training, skills, experience, and qualifications
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3. Product/service requirements review records
4. Record about design and development outputs review
5. Record about design and development inputs
6. Records of design and development controls
7. Records of design and development outputs
8. Design and development changes records
9. Characteristics of product to be produced and service to be provided
10.Records about customer property
11. Production/service provision change control records
12.Record of conformity of product/service with acceptance criteria
13.Record of nonconforming outputs
14.Monitoring measurement results
15. Internal audit program
16.Results of internal audits
17.Results of the management review
18.Results of corrective actions
There are also additional requirements that must be included depending on the
industry. For the aerospace industry for example the ISO also has standards for the
dimensions of certain bolts, screws, O-rings, etc [38]. For the project, it was important
that these standards were kept in mind. When purchasing parts that have been ISO
certified the purchaser knows that the parts can be trusted. Furthermore, when
modifying the Project Shearwater GEUAV’s design, keeping these standards in mind




This section covers several of the professional considerations that influenced the
design of project Shearwater.
11.1 Assumptions
The prototype will be used in marine environments to research undocumented
ecosystems, plant and animal species, and natural phenomena as well as collect data
on environmental well-being and ocean pollution. Shearwater will be operated by a
remote control station or autonomously following a preset mission plan. The vehicle will
be replacing large research vehicles for the purpose of marine exploration.
11.2 Quantitative Impacts
The cost of operating typical marine research vessels is very high, and the
MBARI website gives an estimate for a 10-12 hour day of use of one of these vessels to
cost $21,060, or about $2000/hour [12]. Besides labor, most of these rising operational
costs are due to fuel and maintenance, both of which can be environmentally damaging.
The Shearwater UAV is powered by an electric thruster which results in the vehicle
producing no carbon emissions during operation.
The prototype utilizes a 6 cell 3300 mAh battery operating at 22.2 volts as its
power source. This battery can then safely deliver 85.5 kJ of energy over an 18-minute
flight. The budgeted cost of the Shearwater UAV prototype is $5800, but with its
rechargeable Lithium-Ion batteries it can be used indefinitely. The airframe is
constructed out of Foamular 150 which is produced by Owens Corning. This is a 20%
post-consumer recycled foam that received a gold certification by Greenguard, an
environmental certification institute, for low chemical emissions [30].
11.3 Environmental
One of the main goals for Project Shearwater is to help researchers learn more
about the world's oceans more efficiently. In order to protect the earth’s delicate ocean
ecosystems, one of the constraints that was taken into consideration was the impact
that Shearwater would have on the environment. The Shearwater UAV is powered by
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an electric thruster which results in the vehicle producing no carbon emissions during
operation. Furthermore, the airframe is constructed out of Foamular 150. By utilizing
electric power and environmentally friendly material for the airframe Shearwater aims to
help researchers learn more about Earth’s oceans while minimizing the impact it has on
the environment.
11.4 Economical
It is unlikely that the Shearwater UAV will ever reach a price point comparable to
mass production drones. It is a highly modular design using unusual equipment,
materials, and manufacturing techniques. The UAV provides a specialized role to
customers who have a high degree of expertise and high demands for maritime
exploration and research. Because of these factors and the limited market, the UAV
would also likely have a small production run and its cost would be increased by the
virtual reality control system and modular equipment storage. The budgeted cost of the
first flyable prototype was $5800 (refer to Appendix V and costing analysis) due to
donations to the project the construction was completed for less. However, larger-scale
production would reduce costs somewhat.
11.5 Manufacturing
Shearwater uses a mixture of conventional manufacturing, additive
manufacturing, and commercial off-the-shelf components. Jointed sections and certain
mechanical components are plastic or metal and manufactured through conventional
means. The bulk of the airframe is made from custom machined foam core and in the
future certain components may be produced through 3D printing for increased
customizability and precision. Many of the UAV components are off-the-shelf
components assembled to produce a working UAV. This includes the electronic control
system, communications package, camera assembly, and propulsion system.
11.6 Social
In 2015 Pope Francis issued Laudato si’ drawing attention to the effects of
climate change on the planet and the modern world. In this encyclical, Pope Francis
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writes, “Saint Francis of Assisi reminds us that our common home is like a sister with
whom we share our life and a beautiful mother who opens her arms to embrace us” [3].
It is part of the social responsibility of Shearwater to assist in learning as much as
possible about the environment and climate change as possible. Exploring and learning
more about Earth’s oceans is important because they represent over 70% of Earth’s
surface, and are mostly unexplored [2]. Shearwater presents an opportunity to explore
what is currently unknown. The possibility to learn more about how climate change is
impacting the planet and to discover possible solutions should not be passed up. It is
the societal obligation of Shearwater to do everything possible to provide the ability to
learn more about the planet.
11.7 Sustainability
Shearwater must be as sustainable as possible. Shearwater has been designed
to be the best tool available to marine researchers for many years. It is because of this
that there is a focus on durability and modularity. For this to be achieved Shearwater
needs to be tough and easy to repair. Additionally, researchers need access to a wide
range of sensors and other scientific instruments. In order to accommodate this need
Shearwater needs to be modular so that researchers can pick which sensors they wish
to have depending on the research they are conducting. It is because of these reasons
that Shearwater is being designed to be as reusable and sustainable as possible.
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12. Conclusion
The Shearwater mechanical design team’s primary focus was on the design,
assembly, and initial testing of a prototype aircraft with a virtual reality-controlled pilot
interface. This involved completing the construction of a foam core airframe body, digital
and practical testing of control surfaces, electronic subsystem installation, landing
system integration, and attempted flight testing. This process was successful and
resulted in a prototype that incorporated most major subsystems and is ready to be
developed into a flyable final product.
Future steps for the mechanical design involve optimizations for sample
gathering and maritime operations. Reliable ground take-off and landing needs to be
tested following airframe revisions. The airframe needs to be tested with ground effect
flight over a body of water and optimized to take off and land on the ocean’s surface. A
bay for modular equipment needs to be integrated and a mechanism for taking samples
in flight from a maritime environment needs to be devised.
The computer engineering team focused on configuring flight software for the
aircraft, mapping controls to servos, and integrating the drone’s 360-degree camera into
an augmented reality pilot view. The team successfully produced control software
sufficient to flight test the drone and demonstrated successful operation of the drone’s
observation camera. The computer engineering team also was successful in
augmenting the drone’s observation camera with a flight data HUD, a Google Maps
enabled area map, and AR mission objective waypoints.
In the future, the computer engineering team would like to increase the range of
the camera. This could be done in two ways. The first is by improving the WiFi signal at
the ground station by adding a more powerful WiFi router or hotspot. The second is by
adding something on the drone to boost the 360° camera’s WiFi signal. In addition, the
computer engineering team would like to increase the complexity of the AR
visualizations that are currently offered by the pilot VR software. One possible
visualization would be to mark FAA no-fly zones with a visible barrier. Finally, the
computer engineering team would like to iterate on the HUD layout more utilizing
feedback from a larger variety of pilot testers.
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The Shearwater team learned that more computational and simulation testing
should be performed before practical prototyping and evaluation to save time and funds.
In the future, the team would also attempt to reorganize to avoid team separation issues
and allow for more collaboration between the mechanical and computer engineering
portions of the project.
Overall, the Shearwater team was able to successfully create many prototype
systems of a UAV with an effective control suite utilizing cutting-edge VR technology.
The design is ready for expansion and system integration with sensory and exploratory
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Appendix I: Calculations for Main Wing Forcing
Figure A1: Ground effect height calculation




Design Project: Ground-Effect UAV
Date: December 8th, 2020
Datum: RC Electric Bobcat Pusher Jet
Revision: 3
Table A1: PDS chart
ELEMENT UNIT DATUM TARGET RANGE
Max Flight Altitude feet 60 60-80
Ground Effect Flight Height feet N/A 2-4
Wingspan feet 3.75 3-5
Flight Duration minutes 7 10-15
Roll Time seconds 1.5 1.5-2
Top Flight Speed feet/second 44 30-40
Climb Rate feet/second 16 15-20
Signal Range feet 200 500-800
Runway Length feet 50 40-60
Hard Banking Rate deg/second 36 20-30
Length feet 4.25 5-7
Weight oz 54 90-140
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Appendix III: Decision Matrix for Flight Controls
Each element of each design was given a score from 1 to 10 with 1 being the
worst and 10 being the best. Based on these scores the Split Rudder was chosen for
Shearwater’s flight controls.
Table A2: Decision matrix for flight controls
Design Split Rudder Air Brakes Thruster Shift
Mechanical complexity 9 6 4
Rudder effectiveness 10 6 8
Build cost 10 8 6
Electrical complexity 10 8 8
Software complexity 8 9 8
Usability 6 10 8
Structural strength 9 6 8
Ease of repair 10 8 7
Total 72 61 49
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Appendix IV: Full Timeline
Fall quarter 2020
● PDS Written, Present-Oct 22
● PDS Oral, Present-Oct. 22
● Interview clients suggested by Dr. Kitts, Present-Oct. 24
● Full Project Statement emailed to Prof. Kitts, Present-Oct. 26
● Petroski Paper, Present-Nov. 3
● Structural analysis of critical points, week 6-10
● Analysis for placement of internal components, week 7-10
● Research of VR to drone camera connection, week 6-8
● Research of AR and HUD additions to VR display, week 8-10
Winter quarter 2021
● Analysis for placement of internal components, week 1
● Establishing the connection between VR headset and drone camera, week 1-2
● Design placement and wire layout for internal components, week 1-2
● Servo and control system testing, week 2
● Prepping foam sheets for cuts, week 2
● Configuring drone control software, week 2-3
● Reading information to be displayed on HUD, week 2-3
● Displaying information in HUD, week 3-4
● Control surface sizing and placement, week 1-4
● Cutting foam to create major structural elements, week 3-6
● Thruster tests, week 3-4
● Placement of structural reinforcements at critical sections, week 5-7
● Refining foam cuts for aerodynamics, week 7-8
● Assembly of structural and control elements, week 8-10
Spring quarter 2021
● Assembled control system tests, week 1-2
● Camera mounting system installed, week 2-3
● Main thruster installed and tested in airframe, week 2
● Initial flight testing, week 3-4
● Flight system refinement, week 4-9
● Camera installation, week 5-6
● Final report, week 6-10
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Appendix V: Full Budget Table
Table A3: Budget tables
Item type Quantity Product name Cost (approx,
USD)
Link














UAV parts Aviation wiring $80.00












1 HTC Vive Pro Eye Office











Microcontroller 2 Arduino UNO $50.00 https://www.spark
fun.com/products/
11021
Microcontroller 1 Arduino MKR NB $86.00 https://store.ardui
no.cc/usa/arduino
-mkr-nb-1500


















UAV parts 2 Flight motor $600.00
(donated to team
by SCU RSL)






Prototyping foam Fiberglass foam $300.00
























Appendix VII: Code of Conduct
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Appendix VIII: Command and Sensor Signal Specifications
Function Call Sequence Diagram
Figure A3: Sequence diagram showing the main functional flow
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Major Object Descriptions
This section documents the methods and properties of the major objects in the
VR pilot interface.




























(d) Description: reads Marker file and sets up the list of










(c) Description: Configures input marker component with
input settings. A constructor is not used as it is
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recommended that classes attached to Unity game






(d) Description: Reads Markers.txt file and sets up




















(c) Description: Computes the distance in meters
between two GPS coordinates. Uses the
approximation that the Earth is a sphere. This is not
entirely accurate, but for the scale of this project, the
error is minimal, and more accurate calculations
would take too much work considering this function







(d) Calculates the relative direction of the mission
objective from the drone using their respective GPS
coordinates assuming that +X is East and +Z is North.
Then determines a point that is r game units away
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from the pilot’s viewpoint. Finally rotates that point
around to adjust for the drone’s roll, pitch, and yaw.































(d) Description: Starts the thread that will receive






(d) Description: Reads the incoming stream of MAVLink
data, decodes it, and stores the variables that the
program desires. This is the method that is run in the
thread created by ConnectToTcpServer. Utilizes
MAVLink generated libraries to decode the incoming





(c) Description: Destroys the TCP listening thread if the
program is ended.
(6) FormatNumber
(a) Inputs: String fullNumber
(b) Outputs: String
(c) Description: If the string is a representation of a
number with a decimal point then it creates a
substring with everything past the third decimal place



























(i) Builds the part of the map request string that
will include the objective and home markers
and then starts the script to automatically








(d) Description: Makes the request for the new map and








(c) Description: Acquires references to the





(c) Description: Checks if the user has requested that the
map be zoomed in or out. If so then it updates the
zoom variable and refreshes the map.






(1) Const int initWidth











(d) Description: initializes the Mjpeg Processor object for
the Ricoh Theta stream and creates the texture that
will be used to update the skybox.
(2) GetCameraIP
(a) Inputs: none
(b) Output: String IP
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(c) Description: Returns the camera’s IP address in string
form
(3) InitializeMjpegProcessor
(a) Inputs: String IP
(b) Output: none
(c) Description: Creates and configures the























(a) Inputs: int chunkSize
(b) Outputs: none








(c) Description: sets up the POST request for the stream









(b) Outputs: String responseHeader
(c) Description: Generates the Digest authorization
response header based on the nonce
(5) CreateMD5
(a) Inputs: String input
(b) Outputs: String hash






(c) Description: finds the location of the next byte after
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Appendix IX: Thruster data















mAh 3.00 5.73 1.03
Hobby
Wing 0.23 6S Lipo 6250 mAh 1.76 5.89 1.35







Appendix X: MATLAB Code for Aileron Forcing
Figure A4: Screenshot of MATLAB workspace
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Appendix XI: VR Program User Manual
This section describes how to set up and operate the pilot interface program.
System Requirements
This section describes the software and hardware requirements for the VR pilot
interface program.
Software Requirements
● Windows 10 computer
● Mission Planner version 1.3.74+
● Oculus Rift desktop application
Hardware Requirements
● Wifi-enabled Computer
● USB Telemetry Receiver
● Wifi Hotspot
● Oculus Rift headset, controllers, and sensors
● Computer able to run the Oculus Rift
● Ricoh Theta V Camera
Initial Setup
This section describes the initial setup that needs to occur before the VR pilot
interface is started.
Mission Planner MAVLink Connection
To properly start the pilot interface program, the link with Mission Planner must
first be configured. First, hit Ctrl + f in order to open up the protocol configuration menu
depicted in Figure A5 below. Then click on the “Mavlink” option. In version 1.3.74 this is
the 6th option from the top in the leftmost column. A pair of dropdown menus will
appear. On the top dropdown select “TCP Host - 14550”, as depicted in Figure A6
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below, and then click the green “Connect” button in the same window as the dropdown
menus.
Figure A5: Protocol Selection Screen
Figure A6: MAVLink configuration screen
Add Mission Objective Markers
This section shows how to add AR mission markers to the pilot interface. If only
the default home point is desired then this section can be skipped. With the main
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Mission Planner map opened up, right-click on the desired mission objective points and
select “Add Poi” from the dropdown depicted in Figure A7.
Figure A7: Add Poi screenshot
Once all of the desired objective points have been selected, go back to the same
Add POI option depicted in Figure A7, but instead of clicking on it, hover over it. A
sub-menu should appear and then the option “Save File” should be selected as
depicted in Figure A8 below.
Figure A8: Save Poi screenshot
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The created file should be named “Markers.txt” and placed in
build_folder/Ricoh_Skybox_Data/StreamingAssets/.
Connecting the Ricoh Theta V Camera
This section describes how to connect the Ricoh Theta V to the ground station
computer. First, the Ricoh Theta V must be configured to connect to the desired WiFi
hotspot. The Theta app must be downloaded to a phone from the Apple App or Google
Play Store.  Then the WiFi button must be hit on the side of the Theta V until the WiFi
signal on its front glows blue. Then the phone with the Theta app must be connected to
the Theta V over the WiFi signal that the Theta V puts out. Select the WiFi network
named “THETAYL00230674.OSC” and the password is 00230674. Then go to the
settings section and select “Camera settings” -> “Wireless LAN client mode” -> “Access
point settings”. Then click on the plus sign and add in the desired WiFi network’s
information. Finally, click on the Ricoh Theta V’s WiFi signal button until the camera
glows green as shown in Figure A9 below.
Figure A9: Ricoh Theta V WiFi client mode
Connect the ground station computer to the same WiFi network as the Ricoh
Theta V. Finally, determine what IP address the camera has been assigned by the WiFi
network and put it in the build_folder/Ricoh_Skybox_Data/StreamingAssets/IP.txt file.
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Setting Up Oculus Rift
Ensure that the Oculus app is properly installed on the computer and that the
initial setup has been done to configure the Oculus Rift for general use. Then ensure
that the Oculus Rift headset HDMI and USB ports are plugged into the computer. Also,
ensure that at least one of the Oculus Rift sensors is plugged into the computer.
Starting the Application
Finally, click on Ricoh_Skybox.exe to start the VR pilot interface.
Controls
This section documents the basic controls of the VR pilot interface.
● A Button: Hides the AR map and AR markers
● B Button: Clears the currently showing marker info
● Y Button: To zoom in on the AR map
● X Button: To zoom out on the AR map
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Appendix XII: Flight Controller User Manual
This section describes how to set up and arm the Shearwater UAV.
Connecting to Mission Planner
This section describes how to connect the Shearwater drone to Mission Planner.
First connect the USB telemetry receiver, depicted in Figure A9, to the computer that
will run Mission Planner.
Figure A10: USB telemetry receiver
Next, start up Mission Planner. Once Mission Planner is running, look at the top
right of the main Mission Planner screen, shown in Figure A11.
Figure A11: Mission Planner connect button
Ensure that the top-left dropdown is set to “AUTO” and then click on the
“CONNECT” button. GIve it a few seconds to connect and initialize. If the UAV is
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connected properly then the “CONNECT” symbol will change from red and white to
green and white.
Arming UAV
This section describes how to arm the Shearwater UAV. On the main Main
Mission Planner page go to the “Data” tab. This can be selected on the top left of the
page and is seen in Figure A12.
Figure A12: Mission Planner data tab
Select the “Actions” tab on the middle left side of the screen, shown in Figure
A13.
Figure A13: Mission Planner actions tab
Then go to the third dropdown from the top of the “Actions” section and select
“Manual” and click the “Set Mode” button to the right. Next, click the “Arm/Disarm”
button and click “Yes” if a confirmation window appears. Finally, hold the flashing red
arm button, depicted in Figure A14, on the UAV itself until it lights up a solid red.
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Figure A14: UAV arm button
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Appendix XIII: Flight Operations Checklist
Perform this set of check procedures:
□ All flights must take place in a very large open area that is generally accepted by
the public for RC Aircraft flights (Baylands Park)





□ Long hair must be tied back
□ Remove any loose clothing, such as scarves, that could get caught in spinning
parts
□ Pilot to wear highly-visible safety vest
Briefing:
□ Pilot in command informs the team of the mission
□ Pilot in command assigns team tasks
o Co-pilot is responsible for remaining by the computer to monitor telemetry
connection and vehicle status
o Safety spotter monitors vehicle and surroundings
o It is everyone and anyone’s responsibility to notify the rest of the
team of impending hazards
□ Discuss weather and wind conditions as well as any geographic hazards, telling
the spotter and observer of areas to be particularly vigilant of
Computer Pre-Flight Checks
□ Check computer configuration
□ Screen dim is off
□ Glare screen is in place if necessary
□ Sufficient power for the computer via battery or AC source: ie hooked up
functional
□ Sleep-mode disabled
□ Startup Mission Planner and connect the telemetry radio
□ Telemetry USB plugged
□ Turn on MAVlink mirror
o Hit Ctrl + f in Mission Planner
o Click on “MAVlink”
o Select TCP HOST - 14550 from the top dropdown menu
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o Click “Connect”
o Enter port: 14550
o Click “Ok”
□ Add Markers.txt file to build_folder/Ricoh_Skybox_Data/StreamingAssets/ if
mission markers required
□ Connect video stream
o Start WiFi hotspot
o Connect Ricoh Theta V to Hotspot
o Update build_folder/Ricoh_Skybox_Data/StreamingAssets/IP.txt file with
camera IP
o Connect computer to hotspot
□ Load plan if required
□ Start Unity VR Program
□ Ensure hud is functional and connected
Vehicle Pre-flight / Startup Procedures:
□ Install propeller
o Verify that the nuts securing propellers in place are tight
□ If any changes have been made to the motor mounts, ensure the motors are
secure, will not vibrate, and have sufficient clearance for all moving parts.
□ Check for loose wires
□ Frame fasteners are tight
□ Camera lens cover off
□ Frame components are secure
□ Turn on the radio transmitter
□ Ensure propellers are in good condition
□ Check battery charge
□ Install battery
□ Ensure GPS has good signal strength
□ Turn radio on & verify voltage (don’t go flying below 13.0volts)
□ Set and maintain the throttle at zero
□ The pilot should notify the team that he/she is plugging in the battery and then
plug it in  (no one else should be powering the vehicle). Listen for the audible
beep from the vehicle
□ Pilot States that the vehicle is powered up in a Loud audible Tone
□ The Mission Planner copilot connects the telemetry radio
o Check that the telemetry artificial horizon displays the correct orientation
o Verify that the vehicle is disarmed and notify the team
□ Clear away from the vehicle
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o Pilot should stand 3+ meters/yards away, and the rest of the team should
stand behind the pilot
□ When all systems are ready, the pilot should notify the team that he/she is arming
the vehicle
o For the Pixhawk there is a special arm button/trigger, when using the
Pixhawk ensure the design gives suitable clearance away from moving
parts to reach the trigger, SkyPort’s arm trigger will be on either the tail or
the nose to give suitable clearance, the current vehicle uses APM 2.6
□ Mission Planner copilot notifies the team (loud & audible) when the vehicle has
been successfully armed
□ Verify flight modes and switch toggle positions
□ Pilot notifies the team (loud & audible) that he is powering up & slowly increases
the throttle
o Increase the throttle to about 20% and wait for all motor
o Once all motors have spun up, increase the throttle as needed for takeoff
o If at any point once throttle is applied anyone sees or smells smoke or
hears or sees excess vibration or clearance issues, throttle off or tell the
pilot to throttle off immediately
□ Perform tuning or flight testing procedure
o Mission Planner copilot should monitor battery levels to prevent battery
damage and avoid an in-flight battery failure= Voltage below 13.5v, return
to base or land depending on location and distance to home base.
□ When the mission is complete
o Pilot lands the vehicle
o Mission Planner copilot communicates the arm/disarm status (loud,
audible & frequent) of the vehicle to the team (the pilot should ask the
Co-Pilot the vehicle status if they have not done so)
o Stay at least a meter/yard away from the vehicle until it has been
disarmed
o Unplug  the battery before working with or transporting the vehicle
Change the mode twice to cancel fail-safe, any of the mode toggles.
The Operating Team will follow these procedures to the best of their abilities.
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The patent search revealed that the split aileron rudder design that is utilized on
Shearwater appears to be unique to the airframe. Several control systems have been
found that utilize a similar method as an extension or assisting surface to the main
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Introduction
The flight control system of Project Shearwater is a critical component of the
aircraft in flight. The flight control system will determine the aircraft's performance in the
air and its responsiveness to inputs from the pilot on the ground or any onboard
computer control systems. Due to the nature of the Shearwater airframe, a conventional
rudder system was not possible due to the lack of any vertical surfaces to place a
rudder control surface on. To maintain control in the three control axes, a split aileron
rudder mechanism was developed on the main wing to function as the craft’s ailerons
and rudder simultaneously.
Details of Split Aileron Rudder and Actuator Design
The purpose of the mechanism is to allow for control in the roll and yaw
directions using a mechanism, Figure A17, located on the craft’s available horizontal
surfaces. The Design features two control surfaces mounted on the tail edge of each of
the craft’s two main wings, as seen in Figures A15 and A16. A combination of
actuations of these four surfaces can replicate the functionality of standard ailerons or
rudder or both at once if necessary. This allows for control over the three flight axes
without the need for any vertical control surfaces.
Figure A15: Control surface front view with left wing surfaces deployed
Figure A16: Control surface side view with left wing surfaces deployed
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Figure A17: Actuator mechanism
Patent Classifications Overview
CPC B64C - Aeroplanes; Helicopters
This extremely large category includes all aircraft (including unmanned aircraft)
control surface designs. All split aileron designs used by the Shearwater UAV fall under
this categorization and many novel and unique aileron designs have been patented as
technologies for aircraft and helicopters. Some non-electronic or data-driven control
systems for ailerons are also included in this category.
CPC F - Mechanical Engineering, Heating, etc.
This broad category includes miscellaneous designs in the mechanical
engineering field. It could potentially contain many patents for devices used by the
Shearwater UAV’s control surfaces including actuators, materials, and electronic
subsystems. Defining specific components within such a large category is difficult but it
serves as a valuable resource to consult when researching basic components and
supporting mechanisms for control surfaces.
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CPC HO4M - Telephonic Communications
This CPC category encompasses technologies used for wireless communication
and control systems. This is highly relevant to the Shearwater UAV because the drone
itself is remote-controlled and houses a collection of electronic hardware used to
communicate remotely with a control suite in the ground station. There are many
patents that define and govern the technology used to control drones and how
advanced control systems receive feedback and data.
CPC G06F - Electric Digital Data Processing
Patents in this grouping define and control technologies used to automatically
process digital data using microcontrollers. This type of data processing is automated
and distinct from complex operations carried out by full-scale computers. Systems like
these are used extensively by the Shearwater UAV to receive commands from the
operator, to gather information and mission data, and to read movements from and drive
the vehicle's control surfaces. The Shearwater ailerons are controlled and drive data to
the control system using microcontrollers under this category.
Review of Prior Art
IMPROVED AILERON FOR FIXED WING AIRCRAFT [PR1]
Patent EP1042165B1 details a novel split-aileron design that details an upper
and lower half of each aileron that can be actuated up or down independently. This
design specifically addresses the “adverse yaw” effect that is common in fixed-wing
aircraft which is the tendency for aircraft to yaw in a direction opposite of an intended
roll due to the drag produced by the downward-deployed conventional aileron.
The split design is very similar to the Project Shearwater split-aileron rudder,
however, the way it is actuated is significantly different. The Shearwater UAV uses a
simple gear chain and servo motors to actuate the split ailerons, whereas this control
system, meant for larger aircraft, uses linkages consisting of screw jacks, levers,
shuttles, and other components. However, like the design used in the Shearwater UAV,
the inventors of this patent mention that deploying the split surfaces on only one wing or
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the other can be used as a drag rudder. With this in mind, the split-aileron rudder used
in the Shearwater UAV could infringe this patent although they are actuated using
different mechanisms.
WING MOUNTED AIRCRAFT YAW CONTROL DEVICE [PR2]
Patent US6491261B1 is for a split-control surface design used to impart yaw and
act as a rudder. This is achieved by a spoiler flap hinged to the top surface of the wing,
and a deflector flap hinged to the bottom surface of the wing, intended for use on
tailless and blended wing body aircraft.
Like the Shearwater design, this design allows for yaw control without a
conventional rudder and both surfaces fold in-line with the wing when not deployed.
However, unlike the Shearwater design, this patent eschews the aileron functionality by
making the bottom control surface open forwards instead of backwards, thus being a
distinct design. Although yaw controllability may be more favorable with this design, it
cannot produce the necessary roll to function as an aileron as well. Thus, the
Shearwater split-aileron rudder design would be unlikely to infringe.
SPLIT-AILERON CONTROL [PR3]
This patent (EP3478576B1) describes a novel form of split aileron control in
which primary aileron movement is controlled electronically but a mechanical linking
mechanism is used to actuate the ailerons relative to each other in order to maximize
stability. This is similar to the gear train design used by the Shearwater UAV’s control
systems, however, the UAV lacks the automatic stabilization system described in this
patent. It does not appear that any of the Shearwater UAV’s features infringe on this
patent.
A type of “smart” aileron system could aid the Shearwater vehicle’s ability to
maintain stability, especially when flying above rough ocean conditions which could vary
the unexpected turbulence caused by ground effect on the relatively small airframe. A
control surface system that is reactive without user input would take strain off of the pilot
and help avoid damage to the airframe. The current aileron system is dissimilar to this
design because the ailerons do not react to each other with a feedback control system.
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UNMANNED AERIAL VEHICLE WITH COUNTER-ROTATING DUCTED ROTORS AND
SHROUDED PUSHER-PROP [PR4]
This patent (US6270038B1) details a drone that uses a central propeller for
vertical movement and a pusher prop for primary propulsion. The integrated pusher
prop is highly similar to that used by the Shearwater UAV although the patent’s pusher
prop is enclosed rather than exposed. Use of an enclosed pusher prop might be
considered to reduce turbulence and to protect the propeller from corrosion or damage
during flight as it is the lowest hanging portion of the vehicle and could be struck by
waves or an uneven sea surface.
The patent is similar to the Shearwater design but the UAV does not appear to
infringe on it. The communication system between the main lift fan and the propeller is
interesting and may be adaptable to be used with some sort of sensor that reads the
force of ground effect on the UAV and changes the propeller speed using that data.
DIVE FLAP ACTUATOR AND SYSTEM [PR5]
This patent (US2466426A) is for a system of “Dive Flaps” used by dive bombers
during the second world war. The flap system involves two control surfaces on either
wing to slow the aircraft down during maneuvers, giving the pilot time to aim a payload
over a target. The system uses the four control surfaces deployed simultaneously to
increase wind resistance on the aircraft thus slowing it down mid-flight.
This system is similar to how the split aileron rudder operates in theory, but
instead of using the system on both wings at once to slow the aircraft down, it can be
selectively used on one wing to turn the aircraft or on both wings on opposing sides to
spin the aircraft giving control over the yaw and roll flight directions. In this manner the
Shearwater UAV does not infringe on the patent as the design of the flight control
surface is significantly different, but the operation of the dive flap and Shearwater’s split
aileron rudder are utilizing the same principle of increased wind resistance to control the
craft in the air.
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MANEUVERABLE AIRCRAFT WITH CANARD WING [PR6]
This patent (RU2328409C1) is for a canard wing system designed to give fighter
aircraft additional control in the air. The system involves a rotating canard system
located in the front section of the aircraft. The canard has a set of control surfaces that
can then be actuated in either a horizontal or vertical configuration based on the
aircraft’s frame allowing them to act as an additional control surface for changing the
craft's yaw or pitch depending on the orientation of the canard.
This canard system in the horizontal configuration functions similarly to
Shearwater's forward canard section in its function as the craft's primary elevators. The
construction however is vastly different and the device proposed in the patent is
designed to be an auxiliary system not a primary control method as the canards used in
Shearwater are.
FLIGHT CONTROL SURFACE ACTUATION SYSTEM WITH REDUNDANTLY
CONFIGURED AND LOCKABLE ACTUATOR ASSEMBLIES [PR7]
This patent (US7607611B2) is for a flight control actuator assembly whose
purpose is to allow the full functionality of an aircraft's control surfaces even if one of the
actuators becomes inoperable during flight. This assembly consists of two actuators, a
pivot arm that pivots relative to the second actuator and is rotationally mounted on and
pivots relative to the static airframe structure, and a pivot arm lock that will lock the
rotation of the pivot arm when in the locked position.
This system functions differently than the system used by Shearwater. While this
system would allow Shearwater to continue flight if an actuator is damaged, this system
is too large to be included in the model that has been constructed. This system, or a
system that is similar, could be included in later iterations of Shearwater when the
airframe is larger.
MANUAL AND COMPUTERIZED FLIGHT CONTROL SYSTEM WITH NATURAL
FEEDBACK [PR8]
This patent (US8380364B2) is for a flight control system that is controlled both
manually and by a computer. This system consists of a flight surface mechanically
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connected to the control means as well as a power servo actuator that is coupled to a
non-mechanically connected segment, the power servo actuator is coupled to a
computer via a signal connection. By combining manual controls with computer-aided
controls, this system helps pilots of larger aircraft, which can not be controlled
exclusively via manual controls, better control their aircraft.
This patent focuses on the controls for a large aircraft, which Shearwater is not.
Furthermore, since Project Shearwater is a UAV, the controls from the pilot are already
sent via a signal connection, therefore creating a hybrid of both manual and
computer-aided controls is not necessary for the project.
Conclusion
While there are similarities between the designs that Shearwater utilizes and the
patents above there is a major difference. The patents listed above utilize similar
technology to support other existing control surfaces. Shearwater utilizes the split
aileron control surface and actuator as the main control surface. The above patent
search and this key difference result in the system that Shearwater utilizes should be
patentable.
Claims:
1. A flight control system comprising two split ailerons both connected to servos.
2. Allows split ailerons to act as both primary ailerons and rudder
3. Removes the need for vertical flight surfaces
4. Allows for air brake action if needed
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Patent Report Appendix I: Summary List of Patents
Patent Number Description
EP1042165B1 IMPROVED AILERON FOR FIXED
WING AIRCRAFT - 2003
US6491261B1 WING MOUNTED AIRCRAFT YAW
CONTROL DEVICE - 2002
EP3478576B1 SPLIT-AILERON CONTROL - 2020




US2466426A DIVE FLAP ACTUATOR AND SYSTEM -
1949
RU2328409C1 MANEUVERABLE AIRCRAFT WITH
CANARD WING - 2008
US7607611B2 FLIGHT CONTROL SURFACE
ACTUATION SYSTEM WITH
REDUNDANTLY CONFIGURED AND
LOCKABLE ACTUATOR ASSEMBLIES -
2009
US8380364B2 MANUAL AND COMPUTERIZED
FLIGHT CONTROL SYSTEM WITH
NATURAL FEEDBACK - 2013
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Appendix XVI: Shearwater Airframe Component Drawings
Figure A18: Nose Cone Top drawing
Figure A19: Nose Cone Bottom drawing
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Figure A20: Wing Housing Top drawing
Figure A21: Wing Housing Bottom drawing
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Figure A22: Right Wing drawing
Figure A23: Left Wing drawing
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Figure A24: Shearwater Airframe assembly drawing
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The goal of Project Shearwater is to design a hybrid UAV/AUV that can take off
from a ground station or ship deck, fly over bodies of water utilizing the ground effect to
increase effective range, land on and submerge under the water to complete the
mission objectives, and then conduct its return flight to the land station. Such a UAV
would be a great boon to oceanic research and could positively impact the amount of
information humans have on the environment and its condition. As a result, Project
Shearwater will have a positive effect on not only society but the environment itself.
To begin with, Shearwater will affect society economically through its higher than
the average per-unit cost for a UAV. This is because it is a highly modular design that
features several custom equipment, tools, and manufacturing processes. As
Shearwater will be utilized by a small number of experts that desire a highly specialized
device, this is a worthwhile tradeoff. Due to the specialized nature of both the UAV and
the people who will utilize it, the UAV will have a small production run. This means that
while each vehicle may have a larger per unit cost, the economic impact as a whole
may be much smaller than more widely available commercial UAVs. In addition, while
Shearwater’s modularity may increase upfront costs, it will also increase the longevity of
each Shearwater unit and decrease the overall cost of utilizing Shearwater. In addition,
off-the-shelf components were utilized where possible within the design in order to help
to lower the cost per vehicle. The budgeted cost of the first prototype was $5800,
however, larger-scale production would likely reduce the cost.
Shearwater will also impact society’s interest level in the environment.
Shearwater’s main goal is to allow researchers the ability to learn about the natural
world more easily. This increase in understanding of the natural world will lead to a
greater awareness of the effect that humans have on it and hopefully lead to more
desire for a more sustainable society.
As mentioned previously, Shearwater’s main goal is to help researchers better
understand the environment. This leads to project Shearwater’s direct environmental
impact. With much of the planet being adversely affected by climate change,
Shearwater presents a unique opportunity to explore what is currently unknown about
the process and its effects. Currently, more than 80% of the world's oceans remain
unexplored according to the National Oceanic and Atmospheric Administration [IR1].
169
The possibility to learn more about how climate change is impacting the planet and to
discover possible solutions should not be passed up. It is the obligation of Shearwater
to do everything possible in order to provide the ability to learn more about the planet.
To further this mission, Project Shearwater has been designed to be as
environmentally friendly as possible. The Shearwater UAV is powered by an electric
thruster which results in the vehicle producing no carbon emissions during operation.
Furthermore, the airframe is constructed out of Foamular 150. This is a 20%
post-consumer foam that received a gold certification by Greenguard for low chemical
emissions [IR2]. By utilizing electric power and environmentally friendly material for the
airframe Shearwater aims to help researchers learn more about Earth’s oceans while
minimizing the impact it has on the environment.
Background
Currently, marine research is conducted via several different means. One method
is the use of Human Occupied Vehicles, HOVs. These vehicles allow researchers to
visit underwater research locations and interact with the environment utilizing robotic
arms and other instruments. The major downside to HOVs, however, is that they have
to protect the researchers from the ocean while simultaneously providing enough room
for the researchers to conduct their work. The need to maintain a safe internal pressure
as well as clean air for the researchers to breathe is a difficult engineering challenge to
overcome. Furthermore, with HOV missions there is an inherent risk because a
catastrophic failure will lead to the deaths of the researchers within the HOV.
Another method that researchers are currently using is Remotely Operated
Vehicles or ROVs. An ROV is a robot that is usually highly maneuverable, and is
controlled by an operator above the surface, usually on board a research vessel. Most
ROVs contain a camera so the operator can see the ROVs’ surroundings. Additionally,
ROVs may also contain lights or other sensors to assist the operator. To ensure that the
operator does not lose connection to the ROV, a tether is used. A tether is a group of
cables that connect the ROV to the research vessel. These cables transmit electrical
signals between the ROV and the operator [IR3]. This tether, while vital for the operation
of an ROV, also restricts the range of operation for an ROV.
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Autonomous Underwater Vehicles, or AUVs, are similar to ROVs however they
operate autonomously. This allows researchers to send AUVs on predetermined
mission routes. The downside to this is if researchers find something interesting during
an operation the AUV would have to be sent out once again. A solution to this problem
is to have a human operator monitoring what the AUV is seeing and if something
interesting is spotted then the AUV can be sent to further investigate. The downside to
this however is that the AUV, like the ROV, would have to be tethered to a research
vessel limiting its operational range.
Another type of drone that is being used for marine research is the Hybrid
Remotely Operated Vehicles or HROVs. These drones combine the controlled operation
of ROVs with the ability to autonomously function like AUVs. While acting autonomously
they can be launched with a pre-programmed route like an AUV. If the researchers
choose to control the HROV then they are tethered to the research vessel like an ROV.
A notable HROV is the Woods Hole Oceanographic Institute’s Nereid Under Ice. This is
an HROV that is being used to explore the Arctic Ocean. The Nereid Under Ice utilizes
onboard batteries, but also utilizes a 25-mile long lightweight tether that enables an
operator to see the HROV’s surroundings [IR4].
While not currently being used to conduct marine research, Unmanned Aerial
Vehicles or UAVs are a technology that could be utilized for marine research in the
future. The first reported UAV was an unmanned balloon utilized by the Austrians during
the siege of Vienna in 1849. Since then UAVs have advanced considerably due to
changes in technology. The United States Air Force, USAF, currently utilizes UAVs for
both reconnaissance and airstrikes. It is reported that by 2028 the USAF intends to
have 43,001 UAVs in service [IR5]. Additionally, many drones are being used by
hobbyists or civilian companies. According to the FAA in 2018 there were over one
million UAVs registered with the FAA; the vast majority of these, roughly 878,000, are
owned by hobbyists [IR6], but there are a growing number of UAVs being utilized in
agriculture as well as transportation.
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Assumptions
● The prototype will be used in marine environments to research undocumented
ecosystems, plant and animal species, and natural phenomena as well as collect
data on environmental well-being and ocean pollution.
● Will be operated by a remote control station or autonomously following a preset
mission plan.
● Will be replacing large research vehicles for the purpose of marine exploration.
Quantitative Impact
● The cost of operating typical marine research vessels is very high, and the
MBARI website gives an estimate for a 10-12 hour day of use of one of these
vessels to cost $21,060, or about $2000/hour [IR7]. Besides labor, most of these
rising operational costs are due to fuel and maintenance, both of which can be
environmentally damaging.
● The Shearwater UAV is powered by an electric thruster which results in the
vehicle producing no carbon emissions during operation.
● The prototype utilizes a 6 cell 3300 mAh battery operating at 22.2 volts as its
power source. This battery can then safely deliver 85.5 kJ of energy over an
18-minute flight.
● The budgeted cost of the Shearwater UAV prototype is $5800, but with its
rechargeable Lithium-Ion batteries it can be used indefinitely
● The airframe is constructed out of Foamular 150 which is produced by Owens
Corning. This is a 20% post-consumer recycled foam that received a gold
certification by Greenguard, an environmental certification institute, for low
chemical emissions [IR2].
Conclusion
Novel technologies are exciting and always pursued with enthusiasm. However,
in a world suffering ecological crisis from ever-expanding human industry and
development, new developments must be made carefully. Mindfulness of their impact
on the environment and society is necessary at every stage of development. The
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Shearwater design team has maintained a holistic approach to design that balances
human needs with environmental impact. The Shearwater UAV has been designed in a
way that allows humanity to learn more about the world’s oceans without negatively
impacting them. The design thus far is ecologically friendly and avoids the use of
harmful fuels or materials. Development plans have also been formulated so that future
changes to and development of the drone do not require environmentally damaging
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